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The  Metallographist 

A  QUARTERLY  PUBLICATION  DEVOTED  To  THE  STUDY' OP  METALS,  WITH 
SPECIAL  REFERENCE  TO  THEIR  PHYSICS  AND  MICROSTRCCTCRE. 
their  industrial  treatment  AND  APPLICATIONS. 


Vol.  VI 


JANUARY  1903 


No.  I 


SIR  WILLIAM  ROBERTS-AUSTEN 

the  death  of  Sir  \\  illiam  Roberts-Austen  metallurgy  loses 
one  of  its  most  brilliant  ornaments,  a  natural  leader  of 
thought,  a  fascinating  teacher,  an  indefatigable  and  talented  in¬ 
vestigator,  and  a  personality  of  rare  attractiveness. 

Born  in  1843,  he  entered  the  Royal  School  of  Mines  in  1861, 
and,  shortly  after  his  graduation,  he  began  at  the  Royal  Mint  that 
career  which  has  been  so  brilliant  and  useful.  At  the  age  of 
twenty-six  he  was  appointed  assayer  of  the  mint,  and  at  thirty- 
nine  he  assumed  all  the  responsibilities  of  the  post  of  assay- 
master.  Here  he  remained  up  to  the  time  of  his  death,  perform¬ 
ing  arduous  duties  and  carrying  a  weight  of  responsibility  which 
would  have  been  quite  burden  enough  for  a  man  of  any  usual 
strength.  It  is  within  the  present  year,  if  my  memory  serves  me 
right,  that  he  was  appointed  Deputy  Master  of  the  Mint.  He 
was  probably  by  far  the  most  important  authority  in  the  world 
on  the  technique  of  coinage. 

In  1880  he  succeeded  the  illustrious  Dr.  John  Percy  as  Pro¬ 
fessor  of  Metallurgy  at  the  Royal  School  of  Mines,  carrving  on 
the  duties  of  this  office  as  well  as  those  of  assayer  of  the  mint. 
This  chair,  too,  he  occupied  throughout  the  rest  of  his  life. 

Besides  these  two  very  responsible  and  difficult  posts,  he  was 
active  in  the  work  of  many  scientific  societies,  and  in  late  years 
gave  his  time  and  strength  without  stint  to.  the  work  of  the 
famous  Alloys  Research  Committee  of  the  Institution  of  Me- 
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,  •  ,1  Fnrineers  and  also  to'  that  of  many  public  committees 

ancWoval  commissions.  It  is  no  secret  that  he  intended  to  resign 
2  post  at  the  mint  during  the  commg  year,  for  the  burdens 
which  he  had  been  carrying  lately  were  too  great  even  for  his 

wonderful  powers. 

Honors  naturally  were  showered  upon  him.  He  was  an 
honorary  member  of  the  American  Institute  of  Mining  Engineers 
of  the  British  Institutions  of  Civil  Engineers  and  of  Mechanical 
Engineers ;  a  Knight  of  the  Legion  of  Honor  of  France ;  a  K.C.B. ; 
President  of  the  Iron  and  Steel  Institute,  and  a  fellow  of  the  Royal 

Society  at  the  age  of  thirty-two. 

Such  a  man  leaves  no  monument  commensurate  w  ith  his 

powers  and  his  accomplishments.  He  was  too  busy  serving  his 
fellow-men  to  have  time  to  raise  a  monument  to  himself.  His 
most  important  works  are  the  five  reports  of  the  Alloys  Research 
Committee,  and  his  “  Introduction  to  the  Study  of  Metallurgy. 
These  are  works  of  great  merit ;  but  important  as  they  are,  they 
do  not  begin  to  represent  his  labors ;  they  do  not  even  suggest 
them.  He  may  almost  be  said  to  have  been  the  Alloys  Research 
Committee,  so  great  is  the  proportion  of  its  work  which  is  due 
to  him.  Besides  these  he  wrote  very  many  scientific  papers,  of 
which  the  earlier  ones  were  under  his  former  name  of  W.  Chandler 
Roberts. 

As  a  lecture-room  demonstrator  he  had  remarkable  gifts. 
His  experiments  were  brilliant,  and  his  explanations  very  lucid 
and  fascinating. 

But  over  and  above  all  these  symptoms  of  his  powers,  we 
must  look  at  the  beautiful  character  of  the  man.  It  was  not  what 
he  did,  though  this  was  wonderful  enough,  but  what  he  was. 
Here  was  a  gentleman  and  a  scholar ;  a  man  not  only  of  origin¬ 
ality,  initiative  and  action,  but  of  sweetness  and  light ;  of  high 
and  rare  gifts,  but  better  still,  of  high  and  beautiful  character. 

But  character  must  be  felt;  it  is  not  susceptible  of  mathematical 
demonstration. 

To  his  original  and  courageous  mind  it  seemed  that  he  could 
serve  science  best  by  applying  himself,  not  as  his  fellow  chemists 

of  tlwTntiaV  i  *°  fle"Ce’  40  the  con,mon  aqueous  methods 

to  very  Iftl  rT°-Y  "  ‘°  °rSa"ic  “try,  but  to 

interpret  and  to  red  aPP(,eC  metallurgy-  He  strove  to 

interpret  and  to  reduce  to  order  the  perplexing  phenomena  of  his 
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art,  knowing  that,  in  the  eyes  of  his  British  fellow-men  of  science 
he  was  thereby  raising  a  prejudice  against  himself.  That  such  a 
pieju  ice  against  applied  science  was  very  strong  in  the  days 
wien  he  cut  out  that  path  of  usefulness  from  which  he  never 
swerved  is  familiar  to  all  whose  memory  runs  back  even  half 
iv  a}  to  t  lat  period.  But  for  the  sake  of  science,  which  is  merely 
another  way  of  saying  for  the  sake  of  serving  his  fellow-men 
in  the  way  for  which  he  was  fitted,  he  did  not  shrink  from 
undergoing  this  prejudice.  Bringing  to  metallurgy  as  he  did  a 
vast  store  of  precious  knowledge,  of  knowledge '  all  the  more 
precious  because  it  was  of  a  different  class  from  that  with  which 
other  metallurgists  were  equipped,  he  approached  the  subject 

from  a  standpoint  different  from  that  of  others.  It  was  well 
that  he  did. 

Most  admirable,  and  most  elevating  as  an  example,  was  his 
devotion  to  his  work,  although  he  had  every  temptation  to  lay  it 
aside  for  a  life  of  ease,  in  which  he  could  have  gratified  his  strong 
aesthetic  tastes.  But  he  deliberately  chose  to  labor  as  few  can  do, 
at  the  cost  of  great  physical  suffering,  and  of  inevitably  shortening 
his  life. 

Here  was  one  who  loved  his  fellows,  and  for  them  deliber¬ 
ately  shortened  his  life  and  suffered,  disdaining  the  life  of  ease 
which  was  open  to  him. 


Henry  Marion  Howe. 


Columbia  University  in  the  City  of  New  York , 
December,  1902 


EFFECT  OF  SUPERHEATED  STEAM  UPON  THE  TENSILE 

STRENGTH  OF  ALLOYS  * 

By  J.  L.  HALL 


HE  use  of  superheated  steam  of  high  temperatures  has 


forced  the  engine  builder  to  take  cognizance  of  certain 
questions  which  have  heretofore  needed  no  particular  considera¬ 
tion.  Not  the  least  important  of  these  is  the  effect  of  such  high 
temperatures  on  the  physical  properties  of  sundry  materials  of 
construction. 


*  Received  October  9,  1902. 
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Can  we  expect  the  same  length  of  life  from  such  materials 
in  contact  with  highly  superheated  steam,  as  with  saturated  steam 
of  the  same  pressure;  or,  will  the  structure,  and  consequently  the 
life  of  the  materials,  be  adversely  affected  by  changes  in  the 
physical  condition  of  the  working  fluid ;  and  will  such  adverse 
effect,  if  any,  be  produced  immediately;  or,  is  time  an  important 

element  in  effecting  the  change? 

A  few  months  since  the  writer  had  occasion  to  investigate  this 

matter ;  and  it  was  in  attempting  to  find  data  pertaining  thereto 
that  the  lack  of  such  information  was  forcibly  impressed  upon  his 
mind.  To  establish  the  non-existent  data,  a  series  of  experiments 
was  carried  out,  as  outlined  in  the  following  notes,  which  are 
written  with  the  hope  that  the  description  of  the  methods  em¬ 
ployed,  and  the  results  obtained,  will  be  of  benefit  to  others  seek¬ 
ing  information  on  the  same  subject,  and  that  they  will  also  pro¬ 
voke  an  interchange  of  ideas  mutually  beneficial  to  all. 

This  particular  investigation  was  confined  to  the  effects  on 
two  different  alloys  of  copper,  as  experience  has  quite  generally 
indicated  that  copper  and  some  of  its  alloys  have  proven  un¬ 
reliable  when  subjected  to  the  action  of  highly  superheated  steam. 

It  has  been  suggested  that  this  deterioration  might  be  due  to 
the  repeated  heating  and  slow  cooling  as  the  steam  was  turned 


on  and  off  the  apparatus  in  which  this  material  was  used,  as  the 
slow  cooling  being  diametrically  opposed  to  the  usual  annealing 
process  for  copper,  might  cause  it  to  become  brittle.  This,  of 
course,  would  imply  that  time  was  an  important  element  in  pro¬ 
ducing  this  effect,  or  more  strictly  speaking,  that  the  effect  of 
numerous  repetitions  of  the  process  was  cumulative.  The  first 
set  of  experiments  was  undertaken  to  determine  tile  truth  of  this 
statement,  as  applied  to  a  special  bronze.  Specimens  about  five; 

heated  HAT  ‘  r°"ed  ™d  *  in  diameter  were 

STSLTd  and,  ->«  » 

twenty-five  times.  A  second’s  t  of  Pr°CeSS  ,ad  bee"  rePeated 
heating  and  cooling,  the  same  nJT  WaS  **“  treated,to  one 
tained  as  with  the  first  set  A  tl  •  T™  temPerature  being  at- 

once,  and  slowly  cooled  in  the  air  a'ndTfHH^  ‘°  4400  C 
untreated  for  the  purpose  of  mm  ’  •  fourth  set  was  reserved 

The  temperature  of  T?””  With  °‘her  three. 

been  informed  that  the  bronze  wouldTnTfT  because  we  had 

°Uld  show  decided  weakness  after 
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heating  to  this  point,  and  because  this  represented  the  probable 
maximum  unit  to  which  the  alloy  would  be  subjected  in  practice. 


Fig.  i.  Heated  to  320°  C.  twenty-five  times  and 
cooled  in  air. 


Fig.  2.  Heated  to  320°  C.  once  and  cooled 
in  air. 


Fig.  3.  Heated  to  440°  C. 


Fig.  4.  Untreated  sample. 


Wishing,  however,  to  observe  the  effect  of  heating  to  a  somewhat 
higher  temperature,  the  third  set  of  bars  was  treated  as  mentioned 
in  the  preceding  paragraph. 
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1  to  the  heat  treatment,  a  sec- 

After  subjecting  t  e*P  d  etched,  and  examined  under 

*»  was  Fig.  I  shows  the  struc- 

the  m"-'rosc°petpf  ,°rtoCl’a20go  c  twenty-five  times,  and  cooled  in  the 
ture  when  heated  t°  320  C.  -  heated  to  440°  C.; 

air  •  Fief.  2  when  heated  only  once ,  rig.  o  A11  ,h 

and  Ffe.  4  the  structure  of  the  untreated  specimen  All  the 

ntiotoo-raohs  show  a  magnification  of  95  diameters.  re  micro 
structure^ indicates  an  alloy  containing  approximately  40  per  cent 
z  nc  made  up  of  white  rounded  crystalline  grams  m  a  d  rk 
amorphous  magma,  the  size  of  the  grains  depending  upon  ^he 
rate  of  cooling  and  the  temperature  to  which  the  alloy  was 
heated.  The  finer  the  grain,  the  greater  the  strength  of  the  a  oy. 
We  assumed  that  the  lighter  portions  were  more  malleable,  whi  e 
the  hardness  of  the  material  depended  upon  the  ground  mass  or 


dark  portions. 

After  removing  the  section  for  microscopic  examination,  t  e 
remaining  portions  of  the  bars  were  formed  into  test  pieces  and 
subjected  to  tensile  tests  in  an  Olsen  Testing  Machine  with  the 
following  results : 


No.  of 
Test 

Average  Diameter 
of  Test  Pieces 
in  Inches 

Average  Ultimate 
Tensile  Strength 
in  Lbs. 
per  sq.  Inch 

Average  Elongation 

In  Two  Inches 

Per  Cent. 

1 

•295 

76600 

.58 

29.0 

2 

•295 

76090 

•53 

26.5 

3 

•295 

75280 

.60 

30.0 

4 

.294 

80480 

.44 

22.0 

Note.  The  test  numbers  in  the  above  table  refer  to  corresponding  figures. 


From  a  consideration  of  the  above  table  it  would  appear  that 
the  tensile  strength  of  the  bronze  was  lessened  after  the  first 
heating  and  cooling  from  320°  C.,  but  that  subsequent  treatment 
of  this  nature  had  little  effect  upon  the  ultimate  strength,  although 
the  elongation  seemed  to  increase  after  the  first  treatment,  and 
slightly  decrease  upon  repetition  of  the  same.  With  a  higher 
maximum  temperature  of  heating,  the  strength  remained  about 
as  determined  by  the  first  set  of  experiments,  while  the  elonga- 

■  eSC  reSU'tS  Seem  t0  aSree  with  the  deductions 
made  from  the  microscopical  examination. 
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To  determine  the  ultimate  strength  of  the  bronze  while  at 
the  maximum  temperature  of  320°,  we  conducted  a  second  series 
o  experiments,  the  first  step  of  which  was  to  find  the  best  method 
o  -eeping  the  test  pieces  at  the  temperature  selected,  for  a  period 
of  time  sufficient  to  make  the  tests  for  tenacity;  the  second  to 
make  the  tensile  tests  and  compare  the  results  with  the  strength 
of  the  alloy  when  cold ;  and  the  third  to  repeat  the  process  upon 
a  second  alloy  from  which  we  believed  equally  good  results  should 
be  obtained.  The  first  step  .indicated  that  we  could,  with  the 
apparatus  employed  (which  will  be  described  later)  maintain  the 
specimens  at  temperatures  ranging  from  330°  to  400°  C.  for  an 
indefinite  period  of  time.  The  second  step  gave  results  made 
up  of  averages  of  several  tests  as  follows :  The  first  alloy,  show¬ 
ing  an  ultimate  strength  per  square  inch  when  cold  of  85,160 
pounds,  gave,  when  at  the  temperature  of  320°  C.,  but  33,735 
pounds,  or  a  reduction  of  60.4  per  cent  in  strength ;  and  the  second 
alloy,  under  similar  conditions  of  treatment,  gave  a  reduction  in 
strength  of  63.8  per  cent,  although  this  second  alloy  was  stronger 
when  cold  than  was  the  first.  The  difference  in  strength  in  the 
first  bronze,  as  shown  by  the  experiments  recorded  early  in  these 
notes,  and  its  strength  in  the  second  set,  is  possibly  due  to  the 
fact  that  the  test  specimens  were  from  different  rods,  probably 
bought  at  different  times,  although  they  were  supposed  to  be  of 
the  same  composition. 

The  elongation  of  the  specimens  at  320°  C.  is  apparent  from 
an  examination  of  Fig.  5,  where  numbers  1  and  5  are  photographs 
of  specimens  of  the  two  alloys,  whose  tenacity  was  determined 
when  cold,  and  numbers  3  and  6  when  at  the  higher  temperature. 
The  time  occupied  in  drawing  these  two  last  mentioned  specimens 
to  the  small  area  shown  was  quite  appreciable  compared  with  the 
time  occupied  in  producing  rupture  when  cold. 

The  apparatus  for  heating  the  test  pieces  consisted  of  a  steel 
cup  2%  inches  in  diameter  and  4  inches  deep,  from  the  bottom  of 
which  projected  a  stem  il/2  inch  in  diameter  and  4  inches  long, 
fitting  into  the  lower  jaws  of  the  testing  machine,  and  having  the 
end  inside  the  cup  drilled  and  tapped  to  receive  the  test  piece; 
another  stem  similarly  drilled  and  tapped,  screwed  over  the  other 
end  of  the  test  piece  and  fitted  into  the  upper  jaws  of  the  machine. 
Filling  the  cup  with  a  molten  lead  bath,  and  placing  the  apparatus 
in  the  testing  machine,  the  tensile  strength  of  the  specimen  could 
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be  determined  while  the  metal  was  at  the  proper  temperature. 
Heat  was  applied  to  the  outside  of  the  cup  to  maintain  this  tem¬ 
perature.  When  using  this  apparatus  with  low  degrees  of  heat, 
a  frame  wound  with  wire  can  be  slipped  into  the  cup,  which,  in 
this  case,  is  filled  with  oil  having  a  high  flashing  point,  and  by 
connecting  the  coils  to  a  source  of  electricity,  the  oil  can  be  readily 
heated. 

In  conclusion,  to  complete  the  investigation,  it  would  have 


been  well  to  have  made  caret, ,1  i  • 

together  with  other  sets  of  tests' ,-a"alyses  of  the  bronzes, 
perature,  but  as  intimated  earlier  2  Z  dlfferent  deg  rees  of  tern- 
determine  the  effect  of  a  certain  set  f  *  Pa‘>er  °Ur  °bject  was  to 
selected  alloy,  representing  commerci!|C°ndltl°nS  upon  a  certain 
no  way  a  laboratory  investigation  Practice-  a"d  it  was  in 

It  is  our  hope  to  continue  such  t  . 

object  o  securing  data  enabling  us  “  °"  other  alloys,  with  the 
‘■on  of  the  meta,  best  suited  fof  selec- 
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ON  THE  SIMULTANEOUS  PRESENCE  OF  FERRITE  AND 

CEMENTITE  IN  STEEL  * 

•  By  E.  F.  LANGE 

T  N  a  paper  entitled,  “  The  Microstructure  of  Steel  and  the 

Current  Theories  of  Hardening,”  presented  to  the  American 
Institute  of  Mining  Engineers  at  the  Colorado  meeting,  Sep¬ 
tember  1896,  Mr.  Albert  Sauveur  describes  the  microscopic  con¬ 
stituents  of  steel.  Referring  to  the  constituent  cementite  he  says : 

This  is  iron  combined  with  cement-carbon,  i.e.,  carbon  as 
it  exists  in  unhardened  steel.  It  is  a  carbide  answering  to  the 
formula  Fe3C.  .  .  .  Like  ferrite,  cementite  occurs : 

"(1)  In  segregated  masses  in  very  hard  steel,  but  it  always 
remains  structureless.  . . . 

“(2)  As  a  very  thin  membrane,  around  the  grains  of  pearlite 
when  present  in  small  quantities  and  under  certain 
conditions. 

“(3)  As  a  structural  element  of  pearlite.  Structurally 
free  ferrite  and  structurally  free  cementite  never 
exist  together  in  the  same  steel.”  The  italics  are 
mine. 

The  object  of  this  note  is  to  criticize  this  last  statement, 
which  appears  to  be  far  from  accurate  in  the  light  of  recent 
researches. 

As  a  matter  of  fact  we  repeatedly  obtain,  in  our  own  practice, 
annealed  steel  castings  (of  the  approximate  composition  Comb. 
C  .38,  Si  .25,  Mn  .70,  S  .03,  P  .05)  which  exhibit  a  microscopic 
structure  consisting  entirely  of  structurally  free  cementite  and 
structurally  free  ferrite.  A  notable  fact  is  that  some  of  the  very 
best  tests  we  have  obtained  have  been  made  on  pieces  having  such 
a  micro-structure.  A  steel  of  this  character  gave  the  following 
tests,  which  prove  the  exceptionally  good  quality  of  the  material. 


Ultimate  stress . 

29.60  tons  per  sq.  inch. 

Elongation  %  on  2  inches 

38.0 

Reduction  of  area  %  .... 

55-o 

Proportion  of  elastic  limit  to  ultimate  stress 

51.2 

Combined  Carbon . 

•38 

Bending  angle  on  a  bar  of  1  sq.  inch  cross  section  180  unbroken. 

*  Received  October  1 7» 
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The  structure  referred  to  contains  absolutely  no  pearlite 
consists  of  ferrite  crystals,  throughout  which  little  balls  of  s  >  ^ 
gated  cementite  are  scattered.  These  balls  or  globules  are^en' 
erally  grouped  together  more  or  less,  and  evidently  occupy  areas' 
where  pearlite  has  been.  Each  globule  is,  however,  entirely  se  > 
arated  from  its  fellows,  and  is  completely  surrounded  by  ferrite' 
In  other  words,  the  pearlite  has  been  completely  resolved  into 
structurally  free  cementite  and  ferrite.  The  globules  of  cementite 
have  a  tendency  to  group  themselves  in  the  corners  and  along  the 
junction  lines  of  ferrite  crystals;  precisely,  in  fact,  as  the  pearlite 
from  which  they  have  segregated,  would  have  been  arranged. 
The  cementite  is  easily  distinguishable  from  the  ferrite  by  its 
brighter  appearance.  As  an  additional  confirmation  of  the  fact 
that  the  globules  really  are  cementite,  a  section  was  polished  and 
heat-tinted  to  blue  (of  course  without  etching)  when  the  cementite 
w  as  plainly  distinguishable  as  dots  of  a  blood-red  color  against 
a  blue  background  of  ferrite.  The  complete  segregation  of  cem¬ 
entite  is  not  observable  in  all  our  annealed  castings  by  any  means, 
t  lough  evidences  of  incipient  segregation  are  always  very*  marked, 
n  man\  sections  the  pearlite  areas  contain  globules  of  free  cem¬ 
entite  in  their  midst  surrounded  by  a  dark  granular  mass  of  un- 
segregated  pearlite.  In  cases  where  the  segregation  of  cementite 
is  at  all  far  advanced,  laminated  pearlite  is  seldom  visible  in  the 

eC  10n‘  'er-'  s^§"ht  difference  of  annealing  temperature  is 

pparent  \  necessan  to  produce  a  considerable  modification  in  the 
ucture.  \\e  often  obtain,  from  the  same  annealing,  steels  in 
c  tie  cementite  segregation  is  complete,  and  others  in  which 
e  segregation  is  not  nearly  so  far  advanced.  Size  of  grain 
affords  no  indication  as  to  the  character  of  the  pearlitic  areas, 
i  ^  microsect  ons  annealed  steel  castings  with  completely  re- 

eih,/e"  exW,ere  Sent  t0  Mn  J-  E-  Stead  for  inspection.'  He 
.  .  ,  ’  iave  examined  the  two  microsections  you  have 

sep-reo-si  at  t^e  cementite  of  the  pearlite  is  more  or  less 

ami  fprA  eije  1S  n°  (^oll^)t  at  ail  about  the  fact  that  cementite 

freemen t/  ^  ^  -t  structuralI-v  free  in  the  same,  steel.  I  have 

been  no  n  T  ^  CMeS  “  ^  Soft  steel  m  which  there  has 

Osmond  Td  ^  Cementlte  havin§“  segregated  in  little  masses. 

„ra  h  t  V  "lk’  was.the  first  to  »otice  this  peculiarity.  A  photo- 

of  Iron  ”  ill!,  TT  ‘?-my  Paper  °"  “The  Crystalline  Structure 
Iron  illustrates  tins.  We  now  know  that  the  segregation 
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takes  place  at  a  very  few  degrees  below  A rlf  and  in  all  probability 
you  do  obtain  it  on  very  slow  cooling  between  700  0  and  6oo°  .  .  . 

1  his  last  remark  of  Mr.  Stead’s  is  doubtless  quite  true; 
but  in  our  case  it  appears  to  be  the  maintaining  at  a  particular 
tempei  ature  for  the  long  period  of  time  that  detertnines  the 
segregation  of  cementite  since  the  rate  of  cooling  from  700  0 
to  6oo°  in  our  case  is  not  excessively  slow.  The  steel  Mr.  Stead 
refers  to  in  his  “  Crystalline  Structure  of  Iron  ”  paper  is  a  Swe¬ 
dish  Bessemer  steel  of  the  composition  Comb.  C  .04,  Si  .05,  Mn  .27, 


S  -j-  P  .03.  It  had  excessively  coarse  granulation  and  was  re¬ 
turned  to  the  steel-maker  as  rotten.  Some  of  the  grains  meas¬ 
ured  14"  across  the  face.  The  carbon  in  this  section  was  entirely 
in  the  form  of  “massive  cementite  laid  between  the  larger 
grains  at  their  junctions.”  Mr.  Stead  is  satisfied  that  this  was 
rendered  brittle  by  heating  for  a  long  time  in  either  an  anneal¬ 
ing  or  ordinary  heating  furnace  at  a  low  temperature.  The 
segregated  cementite  affords  proof  that  it  was  very  slowly 

cooled  between  700 0  and  6oo°. 

In  his  correspondence  on  Arnold  and  Mc\Villiam  s  paper 
on  the  “  Microstructure  of  Hardened  Steel  ( Journal  lion  and 
Steel  Inst.  Vol.  I.  1902,  p.  172)  Mr.  Stead  refers  to  some  ex- 
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periments  he  made  of  heating  several  small  bars  of  steel  for 
several  hours  at  one  end  only  to  a  temperature  of  800 °  or 
900°  C. ;  the  heat  being  graduated  from  that  temperature  at  one 
end  to  far  below  redness  at  the  other.  The  bars  were  sectioned 
along  their  length  after  cooling.  Mr.  Stead  observed  that  in  a 
range  between  620°  and  670°  C.  there  was  a  very  marked  seg¬ 
regation  of  the  ferrite  and  cementite  of  the  pearlite. 

Several  other  observers  have  noticed  structurally  free  ferrite 
and  cementite  in  the  same  steel,  though  we  have  yet  to  learn 
that  the  structure  is  obtained  in  regular  practice  by  any  other 
steel  makers  or  users. 

In  Professor  Arnold’s  paper  on  “  The  Properties  of  Steel 
Castings”  ( The  Metallographist ,  Vol.  V,  pp.  9  and  10),  he  men¬ 
tions  that  in  several  of  his  annealed  Sections  the  pearlite  is 
badly  defined,  owing  to  segregation  of  the  carbide  striae  into 
massive  cementite.”  He,  however,  obtains  nothing  like  the  com¬ 
plete  segregation  that  we  have  obtained.  Professor  Arnold’s 
process  of  annealing  is  to  maintain  at  950°  C.  for  70  hours  and 
t  len  cool  slow  1\ ,  the  castings  being  cool  enough  for  drawing 
in  another  100  hours.  The  time  occupied  in  passing  from  700 0 
to  600  on  cooling  is  about  6  hours. 

Henry  Fay  and  Stephen  Badlam  in  a  paper  on  “  The  Effect 

strurtureoiTf  "T  ‘I*  Pr0Perties  *„d  the  Micro- 

P.  Dubli^  Sted”  (The  Metallographist,  Vol.  IV, 

nealed  low  carbo^tee”0" oorTl"1 l?0k“g  photographs  of  an- 

graphs  there  is  a  grid  ma  "Vt'”  In  Phot°- 

of  another  constituent  are  diss  ^  t,hr0Ugh  whlch  Partlcles 
“  would  expect  to  be  i‘f  eminated,  which  the  authors 

like  structurally  free  cemlntite  T  But  t  l?*5  T7  ™UCh  m°re 
seen  the  actual  sections  are  •  1  f  the  authors>  who  have 

constituent,  it  is  hardlv  nee  ‘ki  ?Ulte  sure  °f  the  nature  of  this 
from  the  photographs  °F  °UtSiders  to  f°rm  an  opinion 

To  sum  up ;  There  can  h* 

says,  that  structurally  free  rem  Z  possible  doubt,  as  Mr.  Stead 
m  the  same  steel.  The  condit-m*1  1  r  ^  fernte  may  be  obtained 
this  structure  are  an  extremelv  slow  avorable  to  the  formation  of 
The  photograph  reproduced  h00  '"^  tetWeen  700  and  6oo°' 

crease  of  ductility  which  we  obtained  !.  US‘rates  the 
mg  castings.  °btamed  by  o„r  method  of  anneaI. 


s°me  Unusual  Crystals  of  Cast  Iron 
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Postscript 

By  Albert  Sauveur 

Mr.  Lange  appears  to  have  removed  all  doubt  as  to  the 
possible  presence  of  structurally  free  cementite  and  of  structur¬ 
ally  free  ferrite  m  the  same  steel.  When  the  writer  in  .806  gave 
it  as  his  opinion  that  the  co-existence  of  these  two  constituents 
was  not  possible,  he  had  never  observed  it,  and  to  the  best  of  his 
knowledge  it  had  never  been  alluded  to  by  other  observers  On 
theoretical  grounds  his  statement  was  fully  justified,  for  when 
the  two  components  of  a  binary  alloy  form,  as  is  the  case  with 
steel,  a  eutectic  alloy,  they  are  never  found  together  in  the  same 
sample.  Structurally  free  silver  and  structurally  free  copper 
cannot,  to  the  best  of  our  knowdedge,  exist  together  in  any  sil¬ 
ver-copper  alloy.  Such  alloys  always  consist  of  a  certain  amount 
of  the  eutectic  mixture,  the  balance  being  made  up  of  one  or  of 
the  other  constituent.  If  we  are  right  in  considering  steel  as 
an  alloy  of  iron  and  carbon  forming  a  eutectic  mixture  (pearlite), 
then  the  simultaneous  occurrence  of  the  two  components  in  the 
same  sample  is  decidedly  abnormal  and  remains  unexplained. 

It  is  not  surprising  that  such  a  metal  should  possess  a  high 
ductility,  for  the  small  particles  of  cementite  disseminated  through¬ 
out  the  mass  of  soft  ferrite  could  not  greatly  decrease  the  ductility 
of  the  metal  as  a  whole. 


\ 
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SOME  UNUSUAL  CRYSTALS  OF  CAST  IRON  * 

By  J.  E.  JOHNSON,  Jr. 

THE  illustration  herewith  shows  some  masses  of  crystals 
which  are  perhaps  interesting  in  themselves  to  those  in¬ 
terested  in  the  study  of  cast  iron,  since  most  people  seldom  or 
never  see  crystals  of  that  material  of  such  size ;  but  more  inter¬ 
esting  in  view  of  their  origin  and  their  analysis,  considered  to¬ 
gether.  The  analysis  is  as  follows : 


Total  Carbon . 6.68 

Graphitic  Carbon . 6.08 

Combined  Carbon . 0.60 

Silicon . .47 

Sulphur . . 

Manganese . 0.89 

Phosphorus .  0  q? 


These  pieces  of  iron  were  taken  from  the  outer  edge  of  the 
hearth  or  bottom  of  a  blast-furnace  which  had  been  running  for 
about  three  years,  making,  practically  all  the  time,  iron  for  the 
basic  open-hearth  process,  .which  ran  about  as  follows : 


Silicon 
Sulphur  . 
Phosphorus 
Total  Carbon 
Manganese 


.70 
.030 
1. 00 
3.60 
1. 00 


hearth  and  lo^part  of'The  ^  ^  gradually  eats  UP  the 
stitutes  therefor  a  h c™cible  of  a  furnace,  and  sub¬ 
altered  fire-brick,  etc.  miXtUre  of  iron>  lime>  coke’ 

or  quite  all  iron’,  while  the  °f  ^  maSS  bdng  nearly 

original  fire-brick;  as  the  heat  of  ^hades  off  gradually  into  the 
this  bottom  “  takes  up  ”  0r  tbe  crvicit)le  is  higher  or  lower 

most  portions  of  this  ^  down’  but  of  course  the  outer- 

_ _ ^s^areonly  actually  molten  during  the 


Received 
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hottest  periods  of  the  life  of  the  bottom,  and  it  is  perfectly  con¬ 
ceivable  that  iron  might  eat  its  way  out  to  a  certain  position 
quite  earlv  in  the  blast  and  then  be  chilled  there  by  the  outside 
cooling  of  the  crucible,  never  to  be  melted  again  throughout  the 
length  of  the  blast,  although  constantly  almost  in  contact  with 
the  molten  iron  in  the  hearth,  and  in  fact  to  a  greater  or  less 
degree  this  is  actually  what  happens,  though  of  course  the  pro¬ 
portion  of  the  whole  length  of  the  blast  through  which  the  iron 
remains  there,  may  be  much  less  than  that  stated;  but  there 
is  ample  reason  to  be  sure  that  there  is  formed  such  an  outside 
layer,  which,  with  regular  furnace  work,  remains  for  months 
in  a  practically  constant  condition  just  below  the  melting  point. 

It  will  be  seen  that  these  conditions  account  in  very  large 
degree  for  the  composition  of  the  mass  under  consideration, 
which  evidently  began  by  being  approximately  the  normal  iron 
produced  in  this  furnace,  and  while  in  the  bottom  or  outer  edge 
of  the  molten  iron  in  the  hearth  was  entrapped  in  the  solid  por¬ 
tion  of  the  “  bottom,”  presumably  when  the  furnace  at  some 
time  got  colder ;  the  bottom  “  took  up,”  never-  more  to  be  re¬ 
melted  to  the  same  depth  during  that  blast,  and  the  iron  con¬ 
stituting  this  specimen  simply  lay  there,  perhaps  molten  itself ; 
but  more  probably  in  a  pasty  condition  surrounded  by  pieces  of 
coke  which  were  impounded  with  it  and  perhaps  in  contact  on 
top  with  the  base  of  that  column  of  incandescent  coke,  which, 
whatever  may  be  the  case  in  other  furnaces,  undoubtedly  stands 
on  the  bottom  in  this  one.  Thus  separated  from  the  desulphur¬ 
izing  influence  of  the  slag  by  the  supernatant  liquid  iron,  our 
specimen  simply  proceeded  to  soak  up  sulphur  and  carbon  from 
this  coke ;  being  assisted  probably  as  to  the  former  by  the  fact 
of  its  comparatively  low  temperature,  at  which  the  absorbtion 
of  sulphur  is  undoubtedly  facilitated.  As  to  the  latter  element, 
the  saturation  point,  of  iron  for  carbon  being  somewhere  about 
4.5  per  cent,  and  the  oxidizing  influence  of  the  blast  or  the  ac¬ 
cess  of  any  possible  piece  of  unreduced  ore  or  other  oxidizing 
substance  being  cut  off  by  the  liquid  iron  and  slag  above  it  is 
perhaps  not  surprising  (in  view  of  the  indefinitely  long  time  of 
contact  of  the* specimen  with  incandescent  coke)  that  the  carbon 

content  should  be  as  high  as  it  is. 

It  was  from  this  zone,  after  the  furnace  had  been  blown  out 
and  the  bottom  had  had  a  week  or  two  in  which  to  cool,  during 
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repairs  to  other  parts,  that  the  specimens  in  the  photograph  were 
taken,  and  while  the  photograph  is  a  beautiful  one  in  its  clearness, 
I  am  sure  Mr.  Sauveur  (who  was  kind  enough  to  take  it)  will 
agree  with  me  in  saying  that  it  does  not  fully  give  a  sufficient 
idea  of  the  size  of  the  crystals,  though  it  does  show,  to  any  one 
who  takes  the  trouble  to  examine  it  carefully,  the  way  in  which 
the  whole  mass  is  made  up  of  them  alone,  without  practically 
any  other  kind  of  structure. 

As  for  size,  the  largest  piece  shown  is  about  the  size  of  one's 
fist,  and  many  of  the  larger  crystals  measure  nearly  or  quite  an 
inch  across. 

The  faces  of  these  are  covered  with  real  plates  of  graphite 
which  adhere  very  firmly  to  them,  so  much  so  as  to  make  one 
wonder  whether  it  could  be  anything  else ;  but  the  color  and  lustre 
are  so  characteristic  as  to  leave  little  doubt  of  the  fact. 

The  shapes  of  the  crystals  may  be  seen  quite  clearly  from 
the  photograph,  the  angles  being  very  sharp  in  many  cases ;  but 
whether  this  is  caused  by  the  accidental  meeting,  at  these  angles, 
of  a  series  of  flat  flake-crystals,  or  whether  the  faces  meet  with 
definite  solid  angles  and  represent  true  crystals,  simply  confused 
by  the  way  in  which  they  are  aggregated,  the  writer  hardly  feels 
competent  to  say. 

The  notable  thing  about  these  masses  next  to  their  unusual 
appearance  is  their  high  content  of  total  carbon  and  of  sulphur, 
and  the  high  proportion  of  graphitic  carbon  with  this  proportion 
of  sulphur,  which  leads  to  what  is  the  really  notable  circumstance 
o  the  whole  thing,  that  such  a  structure  should  obtain  with  such 
a  content  of  sulphur.  The  scientific  value  of  this  lies  in  the 
ong  pi  oo  it  constitutes  of  the  fact  that  as  far  as  their  effect 

°n  t  e  fdanuar  structure  of  cast  iron  is  concerned,  slow  cooling 
and  sulphur  are  precise  antitheses  of  each  other. 

fact  •  w  are  T7  iUuStrations  which  might  be  given  of  this 
rta  es  of  irnn  v  ;e,T  interesti"g  is  that  supplied  by  some 
HnS  ot  he  J had  been  built  into  **  upper  part’ of  the 

the  impingement"^  th^tock  fr°m  inj*Uiy  b>’ 

the  high  ifeat  m  ^  ***  mdted  by 

Some  of  these  broken  A  •  **  furnace  when  blowing  out. 

like  silver  and  with  a  totally" diff  Were  seen  t0  Slisten 

iron,  so  much  so  as  to  excite'  erJrT  ^  that  °f  C&St 

^  c  interest  as  to  what  thev  could 


Some  Unusual  Crystals  of  Cast  Iron 


1 7 


be,  before  they  were  actually  reached.  They  were  then  found 
to  be  these  plates  which  had  been  heated  so  hot  on  their  ex¬ 
posed  faces  that  they  had  partly  melted  and  the  center  had  run 
out.  The  top  and  bottom  being  kept  cooler  by  the  contact  of  the 
brick  work  had  not  melted  and  the  thin  plates  of  metal  remain¬ 
ing,  say  Y%'  thick,  so  altered  that  they  showed,  on  fracture, 
crystals  sometimes  a  quarter  of  an  inch  across  and  of  a  true 
metallic  lustre  like  silver  as  mentioned  above.  On  analysis  these 
showed : 


Sulphur 

Phosphorus 

Silicon 

Manganese 


.124 

.80 

0.11 

0.26 


Having*  been  cast  originally  from  iron  not  very  different  in 
composition  from  that  of  the  standard  basic,  quoted  above,  it 
seems  to  be  fair  to  assume  that  these  absoibed  sulphur  from 
the  coke  a  little  at  a  time  during  the  blast,  and  that  the  carbon 
was  oxidized  out  by  the  flame  which  melted  the  plate,  the 
“  blow-out  ”  having  been  made  with  the  bell  out  and  the  top 
open.  The  almost  total  absence  of  graphite  was  most  noticeable 

in  the  color  and  nature  of  the  crystals. 

It  is  perfectly  obvious  to  any  one  with  a  knowledge  of  cast 
iron  that  such  a  fracture  would  never  be  found  \\  ith  such  an 
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analysis  if  the  cooling  had  taken  place  at  any  ordinary  rate,  but 
protected  and  kept  very  hot,  as  the  plates  w  ere,  b\  the  brick 
work,  the  large  crystals  of  relatively  pure  iron,  free  from 
graphite,  had  a  chance  to  form. 

Perhaps  the  most  striking  illustration  of  the  fact  that 
sulphur  and  slow  cooling  have  opposite  effects  is  furnished  by 
the  small  chill-cast  samples  taken  from  every  cast  at  many  fur¬ 
naces,  the  small  pig  being  about  two  inches  wide  on  the  bottom 
and  an  inch  and  a  half  thick  with  sufficient  draft  to  bring  it 
out  of  the  chill-box  in  which  it  is  cast. 

With  iron  of  less  than  one  per  cent  silicon  there  is  nearly 
always  some  chill,  and  with  silicon  at  about  5  per  cent  or  under, 
the  whole  sample  is  chilled  clear  through ;  but  there  is  the 
greatest  difference  in  the  broken  face  when  thus  chilled  solid, 
depending  on  the  quantity  of  sulphur  present.  If  the  sulphur 
is  low,  say  .025  per  cent  or  under,  the  fracture  will  be  markedly 
crystalline,  with  long  prismatic  crystal  standing  perpendicular  to 
the  bottom  and  each  of  the  sides,  and  showing  a  clear  line 
between  the  different  sets  of  crystals,  running  from  the  center 
to  the  two  bottom  corners,  the  fracture  being  in  one  plane, 
normal  to  the  axis  of  the  pig,  while  if  the  sulphur  is  high,  say 
.060  or  over,  the  fracture  will  be  conchoidal,  with  absolutelv  no 
crystals  present,  and  frequently  not  even  approximately  in’  one 
pane,  the  intermediate  percentages  of  sulphur  corresponding  to 
t  e  gra  uations  between  these  two  kinds  of  fracture,  so  that 
a  person  ami  lar  with  a  certain  iron  can  judge  very  accurately 
of  its  sulphur  contents  by  the  fracture  of  the  chill  sample  alone’; 

the  chiThi  ’h  ,  WI>yS  a"red  IO  C°°l  d0wn  t0  0  bhck  heat  *'» 

ch<H-box  before  quench, ng;  but  if  the  sample  of  an  iron  of 

red  :^mCSyb;u^T\hef  ? 

that  of  a  high  sulphur  “on  W,M-  be  predsdy 

These  are  all  facts  of  minor  interest  even  from  a  scientific 
point  of  view ;  but  the  writer  holds  that  it  •  ,  SC[entl*1C 

knowledge  and  grouping  of  a  great  r,  1  e-1S  °n  y  by  tbe 

themselves  almost  insignificant  that  th!"  theSe  facts’  in 
working  knowledge  of  that  complex  substf  SatisfaCt°ry 

be  reached,  and  the  increased  studv  put  on  tW  T"’  W,U 
subject  the  past  two  or  three  years  bv  -  ^  branch  of  the 

should  serve  as  an  inducement'  to  all  to  r!/ metallur^ists 

o  a11  to  contribute  the  unusual 
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facts  which  come  to  their  knowledge,  to  the  common  store  of 
information,  as  a  possible  aid  to  an  even  more  rapid  advance  in 
this  field. 


Postscript *  * 

By  Henry  M.  Howe 


It  appears  to  me  that  these  are  not  crystals  of  iron  properly 
so  called,  but  that  the  iron  simply  cleaves  along  the  plates  of 
graphite,  and  that  the  form  of  the  fragments  is  simply  due  to 
the  shape  of  the  graphite  plates.  At  best  we  may  call  them 
pseudomorphs  of  iron  after  graphite.  I11  the  same  way  the 
magnificent  crystals  which  we  sometimes  sec  in  fractures  of 
spiegeleisen  are  by  no  means  of  iron,  but  are  rather  the  planes 
of  cementite,  and  comparable  with  the  sheets  of  mica  which  we 
see  in  the  fractures  of  granite;  just  as  granite  very  rich  in 
mica  will  cleave  along  the  sheets  of  mica  so  that  mica  is  chiefly 
seen  in  the  fracture,  so  these  masses  of  iron  break  or  cleave 
along  the  sheets  of  cementite  or  graphite,  with  the  consequence 
that  in  pig  iron,  contaifting  only  perhaps  3  per  cent  of  graphite, 
we  see  absolutely  nothing  but  graphite  in  the  fracture. 

I  have  some  very  magnificent  crystals  of  this  kind  in  our 
museum,  and  I  have  for  many  years  taken  this  view  in  my 
lectures. 


SULPHIDE  OF  IRON  :  ITS  PROPERTIES  AND  ITS 
CONDITIONS  IN  IRON  f 

By  H.  LE  CHATELIER  and  M.  ZIEGLER 


HE  harmful  influence  that  small  quantities  of  sulphur 


exert  upon  iron,  and  the  remarkable  action  of  manganese 
in  counteracting  this  influence,  have  induced  us  to  study  more 
closely  than  has  been  done  so  far  the  relations  of  sulphur  with 
iron  and  manganese. 

Crystallised  Sulphides.  —  A  crystallised  sulphide  of  iron  is 

found  abundantly  in  nature,  in  the  shape  of  bi-sulphide  or 

pyrites,  FeS2.  _ _ 

# 
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Under  the  influence  of  heat  this  substance  loses  more  than 
half  of  its  sulphur  at  a  relatively  low  temperature,  much  inferior 
to  that  of  the  melting  of  iron,  and  there  was,  therefore,  little 
probability  of  finding  it  in  metallic  products  obtained  by  fusion. 
In  fact,  we  have  never  found  in  metals  any  indication  of  its 
existence,  and  we  shall  not,  therefore,  consider  it  here. 

A  sulphide  of  iron  is  prepared  artificially,  which  has  a 
bronzed  crystalline  fracture,  by  melting  some  sulphur  or  some 
iron  pyrites  with  metallic  iron.  It  is  generally  considered  to  be 
a  proto-sulphide  of  iron,  and  is  used  in  laboratories  for  the  pre¬ 
paration  of  sulphuretted  hydrogen.  1'  inally,  the  possibility  has 
been  indicated  of  obtaining  in  the  laboratory  some  sulphides 
containing  still  less  sulphur,  but  in  reality,  as  will  be  shown  by 
us,  these  so-called  compounds  are  only  mixtures,  containing 
various  amounts  of  metallic  iron. 

For  our  purpose,  therefore,  we  need  only  consider  the  or¬ 
dinary  sulphide  of  iron,  and  it  has  seemed  to  us  necessary  to 
study  it  very  closely  before  taking  up  the  question  of  the  rela¬ 
tions  of  sulphur  with  iron,  because  a  priori  it  seemed  very  prob¬ 
able  that  sulphur  was  present  in  that  condition  in  steel. 

Chemical  Composition.  —  The  analysis  of  this  sulphide  of 
iron,  as  it  is  found  on  the  market,  reveals  a  composition 
very  different  from  that  of  the  proto-sulphide.  It  is,  however, 
quite  constant,  and  contains  about  0.8  equivalent  of  sulphur  to 
one  of  iron.  1  he  analyses  were  made  by  the  following  method  : 
lhe  sulphide,  finely  pulverized,  was  digested  for  twenty-four 
hours  w  ith  a  mixture  of  equal  parts  of  bromine  and  water.  The 
residue  was  weighed,  and  the  iron  and  the  sulphuric  acid  present 

in  the  solution  were  determined.  The  results  obtained  are  given 
below : 

Ir°n  •  S3-2 


Sulphur  . 
Insoluble 

Total 

Formula 


23.6 

24.0 

100.7 

FeSo.8 


64.0 

27.7 

7.2 

uS.o 

FeSo.7G 


curate  knowW^  f  WaS  necessary  hi  order  to  obtain  an  ac- 

of  this„substance  - 

because  the  fr5m,  ,  r  ,  *  m  studv  offers  some  difficulty 

SU,pl’ide  f11"  <>f  cavities,  and  there- 
difficult  to  polish  even  after  filling  the  cavities  with  gum. 
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Three  constituents  are  detected  in  a  polished  surface,  before 
etching. 

1.  Some  yellow  grains  constituting  the  bulk  of  the  sample. 
They  consist  essentially  of  sulphide  of  iron. 

2.  Brilliant  parts  having  a  metallic  lustre  much  more  pro¬ 
nounced  than  the  sulphide,  and  a  white  color  very  similar  to 
that  of  iron.  On  being  etched  with  a  dilute  solution  of  copper 
sulphate,  this  constituent  is  immediately  covered  by  a  deposit  of 
copper;  it  evidently  consists  of  metallic  iron. 

3.  Finally,  between  the  yellow  grains,  and  frequently  around 
the  grains  of  iron,  a  substance  is  found  made  up  of  very  fine 


;.  1.  Magnified  650  diameters.  frig-  3’  Magnified  650  diameters. 


m 

plates  having  the  characteristic  appearance  of  eutectic  alloys  or 
of  pearlite.  One  of  the  components  of  this  eutectic  is  the  yellow 
sulphide,  while  the  other  is  a  gray  substance  whose  color  recalls 
the  appearance  of  the  slag  frequently  found  in  iron  and  steel. 
We  shall  show  later  what  is  the  constitution  of  this  constituent. 

Fig  1  illustrates,  under  a  magnification  of  650  diameters, 
the  appearance  of  sulphide  of  iron  after  polishing.  The  white 
areas  indicate  the  iron,  the  gray  meshes  the  sulph.de,  and  the 
black  spaces,  the  small  cavities  mentioned  above.  The  pearlite 

mav  be  seen  between  the  gray  grains. 

'  Fig  3  magnified  650  diameters,  shows  the  structure  of  a 

sample  containing  a  large  amount  of  eutectic.  It  was  selected 
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When  the  experiment  is  repeated  several  times,  however,  the 
contraction  decreases  at  each  operation,  and  finally  the  bar  breaks 
in  several  pieces.  The  observed  contraction,  therefore,  results 
from  the  reversible  change  of  dimensions,  the  only  interesting 
one  to  determine,  and  of  permanent  changes  resulting  from  small 
cracks. 

In  order  to  ascertain  with  greater  accuracy  the  temperature 
at  which  this  transformation  takes  place,  we  have  applied  to  this 
determination  the  dilatometer  method.  132  grams  of  pulverized 
sulphur  was  introduced  in  a  large  thermometer  having  a  capacity 
of  fifty  cubic  centimeters,  and  the  balance  of  the  instrument  filled 
with  oil  of  vaseline.  The  thermometer  was  heated  to  the  boil¬ 
ing  point  of  the  oil  (300°),  in  order  to  expel  the  air  completely, 
and  it  was  then  allowed  to  cool  while  observing  carefully  the 
temperature  and  the  upper  level  of  the  liquid  in  the  narrow  tube. 

The  following  results  were  obtained: 


QThe  contraction  undergoes  two  disturbances,  one  between 

100  and  120  ,  and  the  other  above  2200.  In  reality  there  would 

Z  nhfre,  ’  tW°0  P°intS  °f  transfonnation,  but  the  alteration  of 

disturbance  ^  f-°  ^  prevented  a  complete  study  of  the  second 

for  even,'  f  T  5  "ldlCateS  the  aPParent  increase  of  dilatation 
ior  every  tive  degrees. 


this  dhnornhicl  aSCej^ain  more  conclusively  still  the  existence  of 
the  °f  the  SUlphide’  We  have  st"died 

A  blr  of  sulohide  reSIStanCe’  38  the  ^Perature  varies, 

at  bo  h  ends  W  lb  H  ““S  With  tW°  plati™m  wires  inserted 

m  was  let  « the 
was  measured.  This  bar  wa  •  Crence  of  electro-motive  force 
vaseline  and  heated  to  0  S  !t^merse<f  in  a  bath  of  oil  of 

heating,  the  electrical  resSancelil  ^  ,f°llowing  results :  On 
considerably  until  at  ico°  ;«•  crcased  at  first  regularly  and 

Above  this' temperll5  the  rr^anr-'  ^  *S  hlitial  Val- 
the  highest  temperature  reached  that  *  rema"led  constant  up  to 
phenomena  which  occur  are  exactlv  •1S’.13°°  *  °n  c°oling,  the 
rection,  with  only  a  slight  retard  *•  '  Slmilar>  but  of  opposite  di- 
the  law  of  variation^ £££"“*“£  '^.changing  point 

to  130  .  It  may  be  inferred  that  the  h*S  P°mt  Was  lowered 
fenor  transformation  was  located  1  prCC1Se  point  of  the 
a  point  140°.  ,OC3ted  between  130°  and  150°,  or  at 


Sulphide  of  Iron 


25 


aD 


Temperatures 
Fig-  5- 


Fig.  6. 
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Heated  to  1200° 

Heated  to  1500* 

61.5 

79- 

35-5 

21.7 

3-6 

°-3 

100.6 

101.0 

FeSi.01 

FeSo.48 

The  upper  transformation  which  had  been  revealed  by  the 
dilatation  method  did  not  manifest  itself  by  a  variation  of  elec¬ 
trical  resistance. 

Fig.  6  shows  the  results  of  this  experiment. 

The  electrical  resistances  are  expressed  in  functions  of  an 
arbitrary  scale,  because  the  irregularity  of  the  bar  made  it  im¬ 
possible  to  determine  the  exact  value  of  the  specific  resistance. 

Decomposition  by  Heat.  —  When  the  sulphide  of  iron  is 
heated  to  a  high  temperature  it  loses  some  of  its  sulphur,  and 
the  loss  increases  with  the  temperature.  To  perform  this  ex¬ 
periment  iron  pyrites  were  heated  in  a  small  porcelain  crucible, 
which  was  covered  and  placed  in  another  crucible  filled  with 
charcoal  to  prevent  the  access  of  air.  The  results  obtained  were 
as  follows : 

Iron 

Sulphur  . 

Insoluble  Residue 
Total  . 

Formula 

The  sulphide  heated  to  1200°  corresponds  very  nearly  to 

proto  sulphide  and  is  found,  when  examined  under  a  micro- 
f  1  e>  to  he  made  up  exclusively  of  large  vellowr  meshes  which 
orm  ie  ground  mass  of  all  sulphides  of  iron.  Fig.  7  shows 

'ir?--  t  fT  graim  °f  raetallic  iro"  only  can  be  de- 

are  made  im^f  °re'  a££'rmed  that  the  yellow  meshes 

perature  h  er  ■  P™>-*"phide  of  iron,  FeS.  As  the  tern- 

creases  a d The8’  ,Pr0p0rti0n  o£  expelled  also  in 

whkh  have  be  „  H  ContaininS  less  sulphur  are  thus- 

wmen  nave  been  described  as  sub-suInhirW  mi  •  ,  .  , 

examination,  and  even  the  «;m„i  I  SUlp“ldes;  The  micrographtcal 
glass  show  that  they  are  mixo  eXaminatlon  Wlth  a  magnifying 
high  quantity  of  metallic  iron  ^  SUlphl<tes  with  a  relativelv 

These  samples,  however  nrpQAnf 

The  iron  which  thev  contl’  •  lnterestln£  characteristic: 
ing,  according  to  the  orientatil!1  ^  Crystalllzed  in  dendrites  hav- 
rectangular  symmetry.  °n’  &  Very  marked  hexagonal  or 

They,  however,  only  show  die^enter^ °f  this  aPPearance- 
branches  have  in  realitv  a  devein  S  °*  * le  crystallites  whose 

than  could  be  shown  in  the  photograph^  fieM 
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Tliis  hexagonal  symmetry  appears  to  indicate  that  iron,  in 
its  stable  variety  at  a  high  temperature,  belongs  to  the  rhomboid 


7-  Magnified  650  diameters. 


Fig.  8.  Magnified  125  diameters. 


iM®*  9*  Magnified  125  diameters. 


Fig.  10.  Magnified  650  diameters 


system,  and  not  to  the  cubic  system.  The  existence  of  geomet- 
rical  forms  of  crystals  of  iron  indicates  that  in  these  mixtures, 
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rich  in  iron,  it  is  this  metal  which  begins  first  to  solidify:  iron 
is  the  element  of  first  consolidation. 

A  diminution  of  pearlite  is  also  observed  in  the  sulphides 
heated 'to  a  high  temperature.  Very  little  pearlite  is  found  in 
mixtures  heated  to  1500°  C. 

Oxidation  of  the  Sulphide.  —  In  heating  the  sulphide  in  air, 
sulphurous  acid  is  expelled,  and  at  the  same  time  some  oxide 
of  iron  is  formed.  It  is  the  origin  of  the  black  crust  which 
forms  at  the  surface  of  pieces  which  have  been  heated  and  cast 
in  air,  as  is  the  case  with  the  sulphide  sold  by  dealers  in  chem¬ 
icals.  It  seemed  likely  that  the  gray  constituent  of  the  eutectic 
consists  of  this  oxide.  To  verify  this  point,  some  melted  sul¬ 
phide  was  kept  in  contact  with  air  for  two  hours,  and  the  ex¬ 
periment  was  repeated  at  various  temperatures. 

The  buttons  obtained  in  this  way  -were  treated  with  bromine 
and  left  an  abundant  residue  exclusively  made  up  of  oxide  of 
iron.  Composition  of  these  samples  is  given  below : 


Sulphur 

Iron 

Insoluble  Residue 


10.61 

27.89 

61.24 

99-74 


A  micrographic  examination  showed  that  the  pearlite  was 
more  highly  developed  than  in  the  untreated  sulphide. 

Large  elongated  crystals  were  also  detected  (Fig.  10)  and 
evidently  correspond  to  the  constituent  of  first  consolidation. 

S  "aS  Ve^  s*m^ar  to  the  gray  component  of  the  eutectic, 
eether  2 l  expenments  f  °w  that  sulphide  and  oxide  exist  to- 

trzrjs? a  very  simp,e 

ceeded  ifcomnW  ,h°WeV"'  remai,,s  'vhich  we  have  not  suc- 
sulphate  on  the :t^',OVe[r“ming-  Through  the  action  of  copper 

although  1  e  'SC  I”  fd  £?*  ““ 

(Fig  nt  S.7I  d  ln  smaller  quantity  than  upon  iron 
cannot  be  explained  P  "0n  of  c0PPer.  by  a  metallic  oxide 
We  have  further  verified  tw 

pared  by  calcination  of  the  oxalate' er,PrOt°'0xlde  of  iron  Pre‘ 
metallic  copper,  but  some  blue  hvdm^T*  T  pTreciPitate  any 
that  the  grav  part  is  not  hr,  '  atec*  oxl<^e-  It  is  probable 
-  .  part  not  homogeneous,  but  is  itself,  as  should  be 
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expected,  a  eutectic  made  up  of  a  mixture  of  iron  and  of  oxide 
whose  components,  however,  are  too  fine  to  be  distinguished  under 
the  microscope.  If  this  explanation  is  not  accepted,  it  must  be 
inferred  that  this  gray  substance  is  a  solid  solution  of  metallic 
iron  and  of  oxide  which  contributes  to  the  properties  of  both 
constituents. 

We  have,  moreover,  directly  ascertained  that  this  gray  con¬ 
stituent  is  undoubtedly  composed,  for  the  most  part,  if  not  wholly, 
of  oxide. 

Some  sulphide  was  melted  in  a  current  of  dry  hydrogen, 
which  is  without  action  on  the  sulphide,  but  which,  on  the  con¬ 
trary,  reduces  the  oxjde.  In  this  way  we  caused  the  nearly'-  com¬ 
plete  disappearance  of  the  eutectic.  Fig.  12  shows  the  results 
obtained  by  heating  in  hydrogen  some  sulphide,  whose  initial 
structure  is  reproduced  in  Fig.  1.  The  dark  areas  appear  to  be 
made  up  of  large  grains  of  iron  which  were  torn  away  in  the 
polishing  operation,  leaving  in  their  stead  some  cavities,  which 
appear  black  in  the  photograph. 

Permeability  of  Iron  by  Sulphide  of  Iron.  —  Mr.  Campbell, 
and  after  him  Mr.  Arnold,  have  stated  that  at  about  uoo°  sul¬ 
phide  of  iron  was  capable  of  completely  passing  through  soft 
steel  or  iron  without  leaving  any  trace  of  its  passage  in  the 
metal.  So  surprising  a  statement  should  be  repeatedly  confirmed 
before  being  accepted.  This  consideration  induced  Professor 
Arnold  to  repeat  the  experiment  of  Mr.  Campbell,  the  accuracy 
of  which  he  doubted,  and  it  is  with  the  same  end  in  view  that 
we  have  again  taken  up  this  matter.  We  believe,  however,  that 
we  have  now  conclusively  shown  the  inaccuracy  of  the  statement 
just  alluded  to. 

Campbell  and  Arnold  placed  some  sulphur,  or  better,  as  they 
sav,  some  oxysulphide  of  iron,  in  a  block  of  soft  steel  into  which 
a  hole  had  been  drilled  and  then  closed  up  by  a  plug  of  the  same 
metal.  This  block  was  heated  for  one  or  two  hours  in  a  porce¬ 
lain  tube,  and  after  cooling  was  cut  in  two  lengthwise.  It  was 
found  that  the  cavity  was  nearly  always  empty,  although  the 
plug  was  perfectlv  tight.  Some  sulphur  was  found,  moreover, 
in  the  porcelain  tube,  near  the  lower  part  of  the  steel  block,  but 
in  analysing  the  steel  no  increase  in  sulphur  could  be  detected. 

We  repeated  this  experiment  with  exactly  the  same  results. 
The  cavity  originally  filled  with  sulphide  was  found  completely 
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empty  at  the  end  of  the  operations,  and  its  walls  were  as  smooth 
as  before  introducing  the  sulphide.  The  experiment  was  repeated 


Fig.  ii.  Magnified  650  diameters, 


I'ig.  12.  Magnified  650  diameters 


tlg'  I3‘  Magn‘fied  125  diameters. 

I'ig*  14*  Magnified  650  diameters. 


in  a 


same.  This  bath  prlvemsT  Chl?fid5’  and  the  results  were  the 
■tales  the  collection  at  the  1  '  °Xldatlon  of  <he  sulphide  and  facil- 
at  the  bottom  o£  the  crucible  of  the  sulphide 
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which  had  escaped,  free  from  oxidation.  These  experiments 
apparently  confirmed  fully  the  conclusions  of  Campbell  and 
Arnold. 

To  be  certain,  however,  of  the  tightness  of  the  joint  we  pol¬ 
ished  a  longitudinal  section  of  the  block  around  the  axis  of  the 
plug,  and  when  examined  under  a  microscope  it  was  found  that 
the  joint  was  filled  with  sulphide  along  its  whole  length,  although 
in  many  points  these  sulphide  threads  were  less  than  0.01  of  a 


millimeter  thick. 

Fig.  13  shows  a  photograph  of  this  joint.  If  the  block  be 
made  of  wrought  iron  the  sulphide  also  finds  a  passage  along 
the  slag  fibres  which  the  metal  contains,  big.  14  is  an  instance 
of  this.  The  large  black  area  corresponds  to  the  slag,  and  some 
sulphide,  lighter  in  color,  can  be  seen  close  to  it.  It  is  evident, 
therefore,  that  owing  to  its  extreme  fluidity  the  sulphide  had 
simply  escaped  through  the  joints.  The  experiment  was  re¬ 
peated  in  drilling  a  conical  hole  in  the  upper  part  of  the  block 
after  insertion  of  its  plug ;  the  block  was  then  heated  in  such  a 
way  that  if  the  sulphide  did  escape  from  the  joint  it  would  find 
its  way  into  the  upper  cavity  and  no  longer  run  toward  the  lower 
part  of  the  block  as  in  the  preceding  experiment.  The  expected 
results  were  obtained:  the  expelled  sulphur  was  found  in  t  e 
upper  cavity  where  it  could  only  have  arrived  by  passing  through 

the  The  escaping  of  sulphur  through  such  tight  joint  may  be 
accounted  for  if  we  consider  that  this  substance  ts  not  only  very 
fluid,  but  that  it  also  dissolves  a  notable  amount  o  iron,  11 
ing  thereby  the  opening  through  which  it  has  begun  to  pass  and 
facilitating  the  passage  of  the  molten  sulph.de  The  su  phurous 
acid,  moreover,  resulting  from  the  reaction  of  the  sulphide  up 
the  oxide  produces  a  pressure  which  has  a  tendency  to  expel  all 

the  substance  contained  in  the  enc  ose  cavi  \ .  Campbell 

whv  the  escape  is  easier  with  the  oxysulph.de  of  Mr.  Campb  . 
which  in  reality  is  only  a  mixture  of  sulphur  of  oxide^for 
in  that  case  the  production  of  the  sulp 'urous  ,  of  ;ron  con- 
The  Condition  of  Sulphur  in  Iron.  S  P  f 

taining  only  a  few  per  cent  of  sulphur  by 

the  two  following  processes^  I  t  methid>  some  mix- 

means  of  aluminum,  as  m  the  G  proportion  as  to 

tures  of  iron  and  of  sulphate  of  ca  cu 
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yield  samples  containing  from  one  to  five  per  cent  of  sulphur. 
In  reality,  however,  the  preparations  obtained  do  not  correspond 


Fig.  15.  Magnified  125  diameters. 


tig.  16.  Magnified  125  diameters 


Fig.  17.  Magnified  650  diameters. 


l"ig-  18.  Magnified  650  diameti 


exactly  to  the  amount  of  n  • 
case  analysed.  The  second  mJwi  anc*  were  *n  every 
of  iron  sulphide  and  of  metallic  •  Consilsted  »n  melting  a  mixture 
blow-pipe.  It  was  shown bl  ™  "7  by  means  of  an  acetvlenc 

y  °"e  of  us  '°"g  ago  that  it  is'  pos- 
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s.ble  to  Obtain  by  the  combustion  of  acetylene  with  oxygen  tem¬ 
peratures  reaclnng  4000-  and  so  to  regulate  the  character  oi  the 
flame  as  to  make  it  at  will  reducing,  neutral  or  oxidizing  without 
much  vaHabon  of  temperature.  All  the  samples  of  iron  obtained 
by  these  methods  presented  the  same  appearance 

W.,.A.11  thf,  metallic  b"tt0"s  obtained  had  a  similar  appearance. 
With  less  than  one  per  cent  of  sulphur,  the  sulphide  of  iron  is 
found,  after  polishing,  mixed  with  a  little  of  its  eutectic  in 
the  shape  of  round  spots'  at  first  which  become  elongated  as 
the  percentage  of  sulphur  increases.  With  a  higher  percentage 
of  sulphur  these  areas  are  still  more  elongated  and  show  a  ten¬ 
dency  to  form  a  network.  They  constitute  a  membrane  around 
the  crystallized  grains  of  iron.  Figs.  15  and  16  show  the  appear¬ 
ance  of  two  such  structures,  one  containing  0.3,  and  the  other 
41  per  cent  of  sulphur. 

It  can  be  readily  conceived  that  these  networks  of  sulphide, 
a  substance  having  very  little  tenacity  and  melting  at  about  950°,* 
will  decrease  considerably  the  resistance  of  iron  in  the  cold,  and 
completely  destroy  it  when  hot.  We  have  found  no  certain  in¬ 
dication  of  the  existence  of  a  solid  homogeneous  solution  with 
small  percentages  of  sulphur,  as  is  the  case  with  phosphorus. 

We  have,  however,  observed,  that  when  the  sample  is  etched 
by  a  suitable  reagent,  as,  for  instance,  with  the  excellent  reagent 
suggested  by  Mr.  Igevsky,  and  consisting  in  a  solution  of  5  per 
cent  of  picric  acid  in  absolute  alcohol,  the  portions  of  the  iron 
surrounding  the  sulphide  are  more  quickly  corroded,  thus  sug¬ 
gesting  that  they  are  less  pure.  When  the  sulphide,  moreover, 
is  present  in  isolated  grains,  such  etching  causes  the  appearance 
of  two  kinds  of  outlines.  The  first  ones  are  found  inside  the 
polygonal  figures,  indicating  the  grains  of  sulphide;  they  are 
the  normal  outlines  of  the  grains  of  iron.  Much  thicker  lines, 
however,  are  also  found,  joining  together  these  sulphide  grains 
so  as  to  completely  trace  the  polygonal  figures  of  which  the  sul¬ 
phide  areas  occupy  the  summits.  In  Figs.  19  and  20  are  shown 
the  results  of  such  an  etching  of  the  same  samples,  which,  before 
etching,  had  the  structure  shown  in  Figs.  17  and  18. 

It  would  seem,  therefore,  as  if  in  the  immediate  surrounding 
of  the  sulphide  and  along  the  lines  joining  the  sulphide  areas, 
the  metal  possesses  some  special  properties.  For  the  present  at 
least,  we  cannot  speak  more  positively  upon  this  point. 
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quickly.  It  is  not  certain,  on  this  account,  that  the  final  equi¬ 
librium  was  attained. 

The  photographs  of  some  of  these  buttons  are  shown  here. 
Fig.  24  shows  a  sample  obtained  by  the  Goldschmidt  process. 
Some  yellow  grains  of  sulphide  of  iron  are  clearly  seen,  and  in 
the  midst  of  them  some  crystals  of  sulphide  of  manganese  may 
be  detected.  Fig.  25  shows  the  structure  of  a  sample  prepared 
by  the  acetylene  blow-pipe ;  it  contains  some  crystals  of  sulphide 
of  manganese  and  some  globules  of  sulphide  of  iron. 

Finally,  big.  26  shows,  in  a  metal  less  rich  in  sulphur,  a 
distribution  of  the  sulphide  very  similar  to  the  distribution  of 
the  oxide  of  copper  in  metallic  copper.  The  formation  of  the 
sulphide  is  not,  therefore,  completely  prevented,  but  its  distribu- 


F'g-  24.  Magnified  650  diameters. 


a  tendenev^r)10  modified*  The  sulphide  seems  to  have 

isolTted  l  n  Se8rfgatte  ?  the  midst  of  the  "**1  in  the  shape  of 
TheTrair  tV"  ,°f  a  .co"6nuous  network  between 

with  ingots  of  "°1'  C  °  *nterest'ng  to  repeat  these  experiments 
practi"8 in  oJrT  ^  “d  «"«  -  thev  are  cooled  in 
sulphur ’between  tl  aSCertain  whether  the  distribution  of  the 

s^z^reiTun\a: irm  h  ”• 

peciallv  dano-prrMi  ,  t  ls  known  that  sulphur  is  es- 

t  °f  nicw  *«'• » •>***>«, 

The  sulphide  NiS  U  L  re  atlons  between  sulphur  and  nickel. 

—  sop,;t  ^fphrdek~d,tar” quite  st*bk-m“ch 

Another  sulphide  has  1  .  ^  las  a  very  nietalhc  lustre. 

We  have  endttred^ **  Ni2S. 

•  ^  Pare  ^1S  last  compound  in  melting 
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the  required  quantities  of  nickel  and  of  proto  -  sulphide.  The 
fracture  of  the  resulting  button  had  an  homogeneous  metallic 


Fig-  27.  Magnified  125  diameters.  Fig-  28.  Magnified  650  diameters. 


appearance,  as  was  also  the  case  with  the  polished  section.  It  is 
owing-  to  this  appearance  that  this  product  was  considered  as  a 
definite  compound.  Such  an  argument,  however,  is  without 
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value,  if  we  consider  the  metallic  lustre  of  the  proto-sulphide 
which  makes  it  absolutely  similar  to  the  metal  itself.  In  examin¬ 
ing  this  polished  surface,  however,  under  the  microscope,  the 
presence  of  two  distinct  elements  is  suspected,  and  they  are  re¬ 
vealed  by  etching  the  section.  The  sulphide  remains  bright, 
while  the  metal  is  quickly  affected.  This  so-called  sub-sulphide 
is  merely  a  mixture  of  nickel  and  of  proto-sulphide. 

Fig.  27  was  obtained  in  etching  a  sample  assisted  by  the 
electric  current  generated  by  a  battery,  during  a  very  long  time, 
so  that  the  metal  was  dissolved  to  a  considerable  depth.  The 
cavities,  resulting  from  the  solution  of  the  nickel,  were  then  filled 
with  a  black  varnish.  The  sample  was  again  polished  and  pho¬ 
tographed.  It  is  in  this  way  that  the  great  contrast  shown  in  the 
photograph  was  obtained. 

Some  ferro-nickel,  containing  25  per  cent  nickel  and  1  per 
cent  manganese,  melted  together  with  a  little  sulphide  of  iron 
by  means  of  the  acetylene  blow-pipe  gave  a  structure  shown  in 
Fig.  28,  and  in  which  the  sulphide  of  manganese  may  readily 
be  detected  under  its  two  different  aspects. 

We  have  not  in  this  research  dealt  with  carburetted  metals. 
We  may,  however,  mention  the  fact  that,  very  frequently,  very 
regular  crystals  are  found  in  gray  cast  iron,  which,  owing  to 
their  characteristics,  resemble  crystals  of  sulphide  of  manganese. 
These  crystals  have  a  less  dendritic  appearance  than  those  which 
we  have  observed,  but  the  slowness  of  the  cooling  of  these  in¬ 
dustrial  products  suffices  to  explain  this  difference  of  appear¬ 
ance,  for  it  is  known  that  the  slower  the  formation  of  the 
crystals,  the  nearer  they  approach  their  normal  forms,  convex 
polyhedra. 
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SHORT  REPORTS  FROM  THE  METALLURGICAL  AND 
METALLOGRAPHICAL  LABORATORY  OF  THE  ROYAL 
MECHANICAL  AND  TECHNICAL  TESTING  INSTITUTE 
OF  CHARLOTTENBURG  * 


By  E.  HEYN 


‘HE  following  short  reports  are  made  as  a  contribution  to- 


wards  answering  the  question  as  to  in  what  measure  metal- 
lographical  results  and  processes  can  find  application  for  the 
purpose  of  testing  material.  A  review  of  the  whole  sphere  of 
applicability  is  not  intended,  and  indeed  could  not  be  given  in 
the  form  of  a  short  lecture.  Only  some  few  examples  which 
lie  ready  at  hand  will  be  selected  for  consideration.  The  im¬ 
portant  role  which  metallographical  experiments  fill  when  it  is 
sought  to  determine  the  nature  of  the  heat-treatment  which  the 
specimen  of  material  has  undergone,  will  here  be  passed  over,  as 
a  review  of  this  matter  has  been  supplied  at  the  Stockholm  Con¬ 
gress  by  the  eminent  specialist  Mr.  Osmond. 

Another  very  extensive  branch  of  metallography,  the  deter¬ 
mination  of  the  course  of  permanent  deformation  produced  in 
metals  at  the  ordinary  temperature,  will  only  be  touched  upon 
in  two  special  cases,  as  the  same  investigator,  Mr.  Osmond,  has 
announced  a  lecture  on  the  subject  to  be  given  before  this 
assembly. 

The  labors  of  the  Testing  Institute  in  this  departmentf  are 
published  in  the  Journal  of  the  Association  of  German  Engineers 
( Zeitschrift  des  Vcrcitis  deutschcr  Ingcnicurc,  1900,  Nos.  14  and 
16).  I  should  first  like  to  direct  your  attention  to  the  action  of 
hydrogen  on  iron  and  copper,  and  to  the  action  of  oxygen  on 
copper. 


1.  Iron  and  Hydrogen. 


In  the  chemical  analysis  of  iron  and  steel  two  elements, 
viz.  hvdrogen  and  oxygen,  are  almost  entirely  disregarded,  not 
because  it  is  supposed  in  advance  that  these  elements  have  no 
injurious  influence,  but  rather  because  the  analytical  determina- 

*  International  Association  for  Testing  Materials.  Budapest  Congress,  1901. 
f  E.  Ileyn.  The  changes  in  the  microstructure  of  iron  and  copper  pro 


duced  by  cold-work  and  subsequent  heating. 
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tion  of  these  substances  either  is  connected  with  considerable  dif¬ 
ficulties,  as  in  the  case  of  hydrogen,  or  no  reliable  methods  of 
experimenting  have  yet  been  worked  out,  as  is  the  case  with 
oxygen.  The  injurious  influence  of  oxygen  on  iron  is  generally 
known  and  feared.  But,  unfortunately,  practically  nothing  is 
known  as  to  the  form  or  forms  under  which  it  exists  in  iron. 

Concerning  the  effect  of  hydrogen  on  the  properties  of 
etched  iron  we  have  been  enlightened  by  the  researches  of 
Hughes  and  Ledebur  on  brittleness  caused  by  corrosion.  But 
that  hydrogen  is  capable  also  of  effecting  iron  at  red  heat  and 
that  the  phenomena  thereby  produced  can  be  extremely  un- 
propitious  in  testing  materials  may  not  be  generally  known. 

The  researches  carried  out  in  the  Testing  Institute  by  the 
author  in  this  connection  were  occasioned  by  the  irregularities 


which  were  perceived  in  the  course  of  practical  bending-tests 
with  quenched  rods.  Sometimes  it  occurred  that  soft  mild  steels 
supported  the  bending  tests  with  quenched  rods  to  perfection, 
that  is  to  say,  after  being  heated  to  red  heat  and  quenched  in 
\\ater,  they  could  be  completely  bent,  without  disclosing  cracks, 
if  quenching  was  effected  after  heating  in  a  smith’s  fire;  but 
on  the  other  hand,  the  same  material  failed  to  support  the  test 
and  tore  even  when  bent  to  a  small  degree,  if  before  the  quench¬ 
ing  the  heating  was  carried  on  in  a  muffle-furnace  heated  by 
coal-gas.  It  was  then  ascertained  that  defective  draft  in  the 
furnace  and  lengthened  period  of  heating  exercise  an  un favor- 
a  e  influence  on  these  tests.  There  was  no  increase  in  the  car¬ 
bon  contents  of  the  steel. 

This  is  a  surprising  phenomenon,  and  I  am  convinced  that 
in  testing  practice  the  experimenter  was  repeatedly  struck  by  the 
puzz  mg  fact,  that  one  and  the  same  material  withstood  the  bend- 
ing  test  or  not,  according  to  the  manner  in  which  the  previous 

mg  was  carried  out,  even  if  particular  pains  had  been  taken 

was  (Inn6  T'anC>  Gt"  tbe  tenll)crature,  from  which  quenching 
Institute  C*l  *  appeared  from  observations  made  in  the  Testing 
n  the  /n,  ^  °f  Pheno™non  is  to  be  sought  for 

onl  co  i  tf"  COntamed  in  the  COal-Sas’  which  naturally  could 
ca  e  an  TT*  i™*  **  Sp~  experimented  upon  in 
in  case  ofTn In  y  ?  ^ace-muffle  were  employed,  and 

of  defective  suppT' ’ortir^Th ' Pt‘0n  f  C°al'gaS  by  reaS°n 

Ihe  results  of  the  experiments  in 
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connection  with  the  action  of  hydrogen  on  iron  have  been  pub¬ 
lished  in  detail  by  the  author  of  this  article  in  the  journal  Stahl 
und  Eisen,  1900,  Xo.  16.*  In  whaf  follows  only  the  principal 
points  will  be  mentioned. 

a.  If  mild  steel  be  heated  in  contact  with  hydrogen  to  a 
temperature  between  730°  and  iooo°  C,  and  immediately  after¬ 
wards  plunged  into  water,  the  metal  becomes  considerably  more 
brittle,  than  if  the  heating  which  precedes  the  action  of  immer¬ 
sion  had  been  carried  on  in  the  air.  Slow  cooling  in  hvdrogen 
as  well  as  immersion  in  water  after  heating  the  metal  in  hydrogen 
to  a  degree  lower  than  730°  C.  produces  no  effect,  which  can 
be  demonstrated  by  a  bending  test. 

The  degree  of  brittleness  produced  was  determined  by  means 
of  bending-tests  on  specimens  of  sections  8X8  and  9^  X  9l/z 
mm.  respectively.  The  edges  of  the  rods  tested  were  intentionally 
not  rounded  off  in  order  that  the  influence  of  the  brittleness  could 
more  effectively  manifest  itself.  The  bending  was  produced  in 
all  cases  on  a  dome  of  8  mms.  radius.  Specimens  of  soft  basic 
Martin  steel  with  .05  C,  less  than  .01  Si,  .37  Mn,  0.62  P, 
0.46  S,  .03  Cu,  which,  after  being  heated  in  the  air  to  a  tein- 


(</)  Heated  to  820°  C  in  air,  quenched  in  water  of  1  i°C.  Free  from  cracks  when 
bent  together  flat. 

(b)  Heated  to  820°  C  in  hydrogen,  quenched  in  water  of  ii°C.  Broken  suddenly 
into  2  parts  when  bent  to  an  angle  of  138°. 

perature  between  760°  C.  and  iooo°  C.  and  then  plunged  into 
water  could  be  bent  together  flat  without  showing  cracks,  broke 
suddenly  if  bent  to  a  small  angle  in  case  the  heating  before  1m- 


E.  Heyn,  Eisen  und  Wasserstoff. 
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mersion  had  been  carried  out  in  hydrogen  under  otherwise  similar 
conditions.  The  specimens  exhibited  are  evidence  of  this.  Figs, 
i  and  2  are  sketches  of  the  bent  specimens  in  half  their  natural 
size.  They  are  selected  in  order  to  give  some  idea  of  the  influence 
of  hydrogen. 

The  cracks  in  the  specimens  made  brittle  by  means  of  hy¬ 
drogen  appeared  always  on  the  side  of  the  tension.  The  tear¬ 
ing  took  place  instantaneously  with  sharp  cracking  even  after 


Fig.  2.  Soft  basic  Martin-steel. 


(a)  Heated  for  an  hour  in  air  at  a  temperature  760-780°  C.  Quenched  in  water 
of  i3°C. 

(£)  Heated  for  an  hour  in  hydrogen  at  a  temperature  760-780°  C.  Quenched  in 
water  at  1 3°  C. 

several  occasional  crepitations  could  be  perceived  in  the  broken 
specimens.  Experiments  conducted  with  steel  used  for  girders 
produced  the  same  phenomena  as  the  above-mentioned  soft  steel. 

Further  experiments  were  made  with  wire  of  two  different 
sorts  of  steel.  The  one  wire  of  diameter  3.7  mm.  and  contain¬ 
ing  very  little  carbon  supported  about  16  bendings,  each  of  9°°’ 
before  breaking,  and  this  after  being  heated  in  air  for  half  an 
hour  at  a  temperature  of  820°  C.  and  subsequently  quenched  in 
water.  The  same  wire  broke  after  9  bendings  when  the  heat¬ 
ing  before  immersion  had  been  carried  out  in  hydrogen,  but 
otherwise  under  similar  conditions.  In  the  case  of  a  somewhat 
longer  sustained  heating  in  hydrogen  at  the  same  temperature 
the  quenched  wire  supported  only  2J/2  bendings. 

A  harder  wire  of  3.9  mm.  diameter  and  0.37  per  cent  car¬ 
bon,  after  being  heated  in  air  for  half  an  hour  at  a  temperature 
of  800  C.  and  then  quenched  in  water,  could  be  bent  to  an 
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angle  of  64°  without  breaking,  whereas,  after  being  heated  in 
hydrogen  and  quenched  in  water,  the  same  wire  could  support 
bending  only  to  340. 

b.  The  action  of  the  hydrogen  penetrates  gradually  from 
the  surface  to  the  interior  of  the  specimens .  This  is  evidenced 
by  the  following  selected  experiments  carried  out  with  the 
before  -  mentioned  mild  Martin  -  steel.  The  heating  took  place 
in  hydrogen  at  a  temperature  of  8oo°  C.  From  one  specimen, 
a  layer  of  1.2  mm.  in  thickness  was  planed  off  on  the  surface  to 
which  the  tensile  forces  were  to  be  applied  afterwards.  This 
was  done  before  the  heating  and  quenching  took  place.  The 
specimen  was  bent  to  an  angle  of  150°  and  then  cracked  suddenly. 

The  second  specimen  was  treated  in  exactly  the  same  manner 
with/ the  difference  only,  that  the  layer  of  1.2  mm.  thickness  was 
planed  off  after  the  process  of  heating  in  hydrogen  and  quench¬ 
ing  in  water.  It  could  be  bent  into  a  knot  without  breaking. 
By  removing  the  upper  surface  layer  made  brittle  by  the  action 
of  hydrogen,  the  capacity  of  sustaining  bendings  without  break¬ 
ing  was  considerably  increased.  It  appears  from  this,  that  bend¬ 
ing-tests  with  notched  specimens  are  not  suitable  for  showing 
the  action  of  hydrogen,  if  the  notch  is  made  after  heating  and 
quenching.  Bv  these  experiments  it  is  explained  also,  why  bodies 
with  small  section  show  the  influence  of  hydrogen  after  being 
heated  for  a  shorter  length  of  time  than  bodies  with  a  greater 
cross-section,  because  in  these  latter  the  hydrogen  has  a  greater 
distance  to  penetrate  into  the  interior. 

c.  The  brittleness  of  steel  caused  by  heating  in  hydrogen 
and  quenching  in  water  can  be  weakened  or  removed  entirely 
by  subsequent  heating  in  air  or  nitrogen.  If  the  action  has  not 
penetrated  very  deep,  it  is  sufficient  to  boil  the  specimen  in 
water  to  produce  a  perceptible  decrease  of  brittleness.  It  must 
here  be  mentioned  that  for  the  purpose  of  comparison  always 
specimens  were  selected  which  had  been  heated  in  air  under 
exactly  the  same  conditions,  then  quenched  in  water  and  after¬ 
wards  subjected  to  the  same  treatment  as  the  specimens  which 
had  been  heated  in  hydrogen,  in  order  that  the  effect  of  temper¬ 
ing  could  be  taken  into  calculation. 

Heating  to  a  temperature  of  200  to  250°  C.  is  sufficient 
in  the  case  of  materials  poor  in  carbon  to  remove  the  e  ect  o 
the  hydrogen.  The  specimens  receive  the  same  properties  as 
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those  specimens  treated  in  like  manner  which  had  been  heated 
in  air  before  being  quenched  in  water.  In  the  case  of  materials 
rich  in  carbon  a  decrease  in  brittleness  is  brought  about  by  this 
treatment,  but  still  not  the  same  degree  of  toughness  is  obtained 
as  is  shown  by  a  specimen  of  the  same  steel  heated  in  air,  quenched 
in  water,  and  tempered  to  the  same  temperature.  The  degree 
of  toughness  is  nearly  in  the  proportion  of  2 :  5.  It  appears  from 
this  as  if  materials  rich  in  carbon  retain  the  influence  of  hy¬ 
drogen  more  obstinately  than  those  which  are  poor  in  carbon. 

At  all  events,  by  heating  in  nitrogen  or  air  to  red  heat,  the 
brittleness  due  to  hydrogen  is  removed. 

d.  Lengthened  exposure  to  the  air  of  specimens  heated  in 
hydrogen  and  then  quenched  in  water  diminishes  or  totally  re¬ 
moves  the  brittleness.  In  bending-tests  with  specimens  of  greater 
cross  section  in  which  presumably  the  action  had  not  penetrated 
deep  inwards,  a  few  days’  exposure  to  the  air  at  ordinary  tem¬ 
perature  was  sufficient  in  order  to  obtain  considerably  more 
favorable  results.  On  the  other  hand  in  the  case  of  wires  of 
small  cross  section  a  considerable  period  of  exposure  to  the  air 
was  needed  in  order  to  diminish  the  brittleness  occasioned  by 
the  action  of  hydrogen.  In  Fig.  3  the  effect  of  exposure  to  the 
air  is  represented  in  a  diagram  for  a  mild-steel  wire  of  3.7  mm. 
diameter,  very  poor  in  carbon. 


The  line  a  gives  the  constant  number  of  bendings  14^  for 
the  wire  heated  in  air  and  then  quenched  in  water. 

TIk  line  b  gives  the  number  of  bendings  graduallv  increas- 
in^  w  ith  the  period  of  exposure  to  the  air,  for  wires  which  were 
eatec  tie  same  time  in  hydrogen  and  then  quenched  in  water, 
these  specimens  were  bent  after  intervals  of  time  represented 

nosiirt i”  *s  s^own>  even  after  250  days’  ex- 

not  com  Tt  .ntt  encss  Pr°duced  by  the  amtion  of  hvdrogen  w  as 
not  complete  y  destroyed,  although  very  considerably  diminished. 

in  hydro!?  ^  u  °bSerVed  that  the  behavior  of'  steel  heated 
in  particular311 >1?  qUenched  in  water  is  as  in  general  so  also 
compl! ^elv lal  ***  *  *  ^^ned  exposure  to  the  air 
to  the  research!? St  ^  ^bavior  of  iron  which,  according 
obtained  its  hvdrn  €  m  connecti°n  with  brittleness,  has 

4  “”“gh "» «*»  <><  dn““d  “i<|! 


ic  microstructure  of  the  specimens  heated  in  hydrogen 
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and  then  quenched  in  water  did  not  show  the  slightest  difference 
from  the  structure  of  those  heated  in  air  and  then  quenched  in 
water.  Also  no  difference  in  specific  weight  could  be  perceived 
by  means  of  the  method  employed. 

Experiments  were  made  on  the  specimens  which  had  been 
heated  in  hydrogen  and  then  quenched  for  the  express  purpose 
of  examining  if  hydrogen  was  still  contained  in  them.  As  the 
influence  of  hydrogen  is  destroyed  at  red  heat,  heating  to  this 
degree  should  have  been  sufficient  in  order  to  expel  the  element 
producing  brittleness.  Nitrogen  was  passed  over  the  heated 
specimen ;  the  hydrogen  expelled  passed  over  red-hot  copper 
oxide  to  be  subsequently  weighed  as  water  in  a  tube  containing 


Fig.  3.  Time  of  exposure  of  quenched  specimens  to  the  air. 

(«)  Specimen  heated  in  air  for  half  an  hour  at  820°,  then  quenched  in  water. 

.  (£)  Specimens  heated  in  hydrogen  for  half  an  hour  at  820°,  then  quenched  in 

water. 

phosphoric  acid.  In  employing  a  specimen  of  the  same  dimen¬ 
sions  as  those  in  Figs.  1  and  2  and  possessing  a  weight  of  83  gr. 
there  was  an  increase  of  only  .0015  gr.  in  the  weight  of  the  tube 
containing  phosphoric  acid.  An  experiment  without  steel  spec¬ 
imen  gave  an  increase  of  weight  of  .0002  gr. 

Repeated  experiments  with  specimens  embrittled  by  hydrogen 
gave  always  values  differing  very  slightly  from  .0015  gr.  This 
weight  would  correspond  to  a  percentage  of  .0002  by  weight  of 
•  hydrogen  contained.  The  weight  .0015  gr.  is,  in  view  of  the 
somewhat  complicated  conditions  of  the  experiment,  not  suf¬ 
ficiently  different  from  the  possible  deviations  due  to  analytical 
errors  as  to  be  accepted  as  a  direct  proof  that  hydrogen  was 
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really  contained  in  the  quenched  specimens.  It  only  proves  that 
hydrogen  was  probably  present  in  the  specimens.  But  at  all 
events  analytical  determination  proves  that  greater  quantities  of 
hydrogen  than  .0002  per  cent  in  weight  are  not  present  in  the 
brittle  specimens. 

The  objection  is  still  to  be  answered,  that  the  steel  which  has 
become  brittle  after  heating  in  hydrogen  and  then  quenching  in 
water  gives  off  on  being  heated  again  absolutely  no  hydrogen, 
but  that  the  hydrogen  which  has  already  been  absorbed  remains, 
assuming  a  dangerous  form  during  the  process  of  quenching 
and  changing  back  again  into  a  harmless  form  during  the  re¬ 
heating.  If  this  be  the  case,  hydrogen  would  behave  like  carbon 
which  according  to  circumstances  is  present  as  hardening  carbon 
or  carbide  carbon.  It  could  further  be  said  that  this  hydrogen 
which  cannot  be  expelled  by  heating  does  not  directly  occasion 
the  brittleness,  but  only  if  it  is  in  the  presence  of  hardening 
carbon  or  of  one  of  the  allotropic  forms  of  iron  retained  by  the 
process  of  quenching. 

In  both  cases  the  iron  which  has  become  brittle  by  once 
being  heated  in  hydrogen  and  then  quenched  in  water  should, 
on  being  again  heated  in  nitrogen  and  again  quenched,  show 
the  original  state  of  brittleness.  This,  however,  is  not  the  case; 
the  iron  after  this  treatment  receives  again  its  normal  qualities. 

It  follows  from  this  that  the  two  possibilities  mentioned  are 
excluded  and  that,  as  a  matter  of  fact,  the  hydrogen  which  oc¬ 
casioned  the  brittleness  in  the  specimens  is  expelled  by  the  sub¬ 
sequent  heating  in  nitrogen.  Consequently,  the  pernicious  factor 
must  reside  in  the  above-mentioned  small  quantity  of  .0002  per 
cent  by  weight  of  hydrogen.  This  is  not  difficult  of  belief 
when  we  take  into  consideration  that  already  .028  per  cent  by 
weight  of  hydrogen  can  render  iron  produced  by  electrolysis  as 
hard  as  glass,  and  that  the  brittleness  observed  by  Ledebur  in 
corroded  steel  is  produced  by  .002  per  cent.  It  would,  there¬ 
fore,  not  be  very  surprising  if  the  tenth  part  of  this  amount 
exercised  the  powerful  effect  as  above  described  on  steel  which 
has  been  quenched  in  water. 

In  explanation  of  this  phenomenon  I  should  suggest  as 
follows :  At  temperatures  varying  from  730  0  to  iooo°  C.  steel 
absorbs  hydrogen  in  small  quantities.  Below  730°  C.  the  ca¬ 
pacity  of  absorbing  diminishes  and,  in  consequence  of  this,  if  the 
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steel  is  slowly  cooled  in  hydrogen,  nothing  of  this  gas  is  re¬ 
tained;  with  decreasing  temperature  the  hydrogen  leaves  the 
steel. 

If,  on  the  other  hand,  the  steel,  after  having  absorbed  hy¬ 
drogen  at  the  above-mentioned  temperature,  is  suddenly  quenched 
in  water,  the  hydrogen  cannot  escape  fast  enough,  but  is  re¬ 
tained  mechanically.  It  is,  however,  in  a  state  of  unstable  equi¬ 
librium  which  is  disturbed  by  heating  even  to  a  low  temperature, 
and  this  produces  the  escape  of  the  hydrogen.  The  absorption 
of  hydrogen  at  red  heat  takes  place  from  the  surface  inward. 
In  support  of  this  theory  of  absorption  we  have  also  the  fact, 
that  a  specimen  of  steel  which  had  been  first  heated  half  an 
hour  in  hydrogen  and  directly  afterwards  under  conditions  re¬ 
maining  the  same  heated  in  nitrogen  and  then  quenched  in  water, 
did  not  become  brittle.  The  nitrogen  expels  the  hydrogen  again. 
Consequently  it  follows,  that  hydrogen  enters  and  escapes  at  the 
same  temperature.  This  process  takes  place  in  the  direction  from 
outwards  into  the  steel  if  the  atmosphere  surrounding  the  spec¬ 
imens  contains  so  much  hydrogen  that  its  partial  pressure  causes 
the  hydrogen  molecules  to  enter  into  the  iron.  The  process  takes 
place  in  the  reverse  direction  if,  on  the  disappearance  of  hydrogen 
and  its  replacement  by  nitrogen,  the  hydrogen  partial  pressure 
in  the  atmosphere  surrounding  the  specimen  has  become  equal 
to  nill,  in  which  case  gas  escapes  from  the  iron. 

From  the  researches  of  St.  Clair-Deville  and  Troost  as  well 
as  from  those  of  Graham,  1866,  it  is  known  that  hydrogen  can 
diffuse  through  red-hot  iron.  Perhaps  the  molecular  changes 
produced  in  iron  at  a  temperature  of  700  0  to  iooo°  C.  facilitate 
the  diffusion.  By  quenching  in  water  a  specimen  which  has 
been  saturated  with  diffused  hydrogen,  the  hydrogen  can  be 
retained  in  unstable  condition.  Perhaps  this  accounts  for  the 
extremely  small  quantity  of  injurious  hydrogen. 

A  question  of  importance  which,  however,  still  requires 
nearer  explanation  is,  how  the  hydrogen  which  is  retained  in 
mild  steel  on  solidification  conducts  itself,  and  especially  what 
role  this  hydrogen  plays  when  the  specimen  is  hardened.  Axel 
Wahlberg  has  made  the  observation  (see  Jcrnkontorcts  Annaler , 
1900,  “  Om  Kisels  inverkan  pk  stals  h&llfastighetsegenskaper  ”) 
that  mild  steel  blown  and  cast  at  a  too  high  temperature,  if  it 
contains  more  than  the  usual  quantity  of  silicon,  on  hardening 
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becomes  more  brittle  than  mild  steel  blown  and  cast  at  a  normal 
temperature  the  silicon  contents  of  which  were  made  as  high  as 
in  the  former  case  by  adding  silicon  at  the  end  of  the  blowing 
process.  Wahlberg  is  also  of  the  opinion  that  this  is  to  be 
ascribed  to  the  presence  of  alloyed  gases. 

2.  Copper  and  Hydrogen. 

Hydrogen  has  still  more  deleterious  influence  on  heated 
copper  than  on  iron.  If  copper  be  heated  to  a  temperature  above 
600 °  C.  in  an  atmosphere  of  hydrogen  this  gas  exerts  its  in¬ 
fluence  from  the  surface  inwards.  The  surface-layer  becomes 
extraordinarily  brittle  and  shows  shell-like  fractures  of  a  yel¬ 
lowish-red  color.  With  the  duration  of  heating  and  the  degree 
of  temperature  the  thickness  of  the  transformed  layer  increases 
until  finally  the  copper  core  entirely  disappears.  The  specimens 
exhibited  show  this  in  different  stages.  The  specific  gravity 
diminishes  considerably  under  this  treatment,  viz.,  from  8.9  to 
8.4.  The  surface  of  the  copper  heated  in  hydrogen  at  tempera¬ 
ture  of  8oo°  C.  showed  already  before  being  hammered  in  a  cold 
condition  fine  longitudinal  hair-like  fissures  (Comp.  Zeitschrift 
dcs  Vcrcins  dcutscher  Ingenieure,  Journal  of  the  Association  of 
German  Engineers,  1900,  Nos.  14  and  16,  E.  Hevn,  “  The  changes 
in  the  microstructure  of  iron,  copper,”  etc.).  The  microscopic 
texture  is  changed.  This  phenomenon  might  be  explained  by 
the  circumstance  that  the  copper  oxidule  or  other  oxides  con¬ 
tained  in  small  quantities  in  all  copper  found  in  commerce  are 
reduced  by  the  hydrogen  on  heating  to  red  heat.  In  consequence 
of  the  difference  between  the  volume  of  the  original  oxide  and 
that  of  the  metal  formed  by  the  reduction  of  the  oxidule,  small 
cavities  filled  with  gas  can  arise  and  affect  the  brittleness  of  the 
metal.  A  rough  calculation  shows,  however,  that  the  consider¬ 
able  difference  in  the  specific  weight  before  and  after  the  treat¬ 
ment  in  hydrogen  could  be  explained  on  the  basis  of  this  as¬ 
sumption  only  if  very  great  quantities  of  oxides  were  in  the 
copper.  Even  then  the  cracks  on  the  surface  of  the  heated  cop¬ 
per  would  still  remain  unexplained.  This  question  will  be  the 
subject  of  a  more  exhaustive  investigation  in  the  Testing  Labor¬ 
atory  of  Charlottenburg. 
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3-  Copper  and  Oxygen. 

The  action  of  copper  and  oxygen  on  each  other  has  been 
determined  by  the  researches  published  by  the  author  in  the 
Reports  of  the  Royal  Technical  Testing  Institute,  Charlottenburg, 
1900,  p.  315,*  so  far  as  the  action  is  limited  only  to  copper  and 
oxygen.  The  conditions  become  more  complicated  when  occa¬ 
sion  is  given  for  the  formation  of  arseniates  and  antimoniates. 
Experiments  in  this  connection  are  to  be  continued. 

In  view  of  the  great  chemical  affinity  between  copper  and 
oxygen,  these  two  elements  can  only  exist  together  in  the  chem¬ 
ical  compound  Cu20,  copper-ox idule,  when  there  is  an  excess  of 
copper. 

Copper-oxidule  forms  with  copper  in  the  liquid  state  a  homo¬ 
geneous  solution  in  the  manner  of  salt  solutions;  the  reciprocal 
solubility  is,  to  a  certain  extent,  perfect.  As  a  consequence  of 
solidification  the  solubility  of  copper  -  oxidule  in  copper  becomes 
practically  null ;  the  process  of  solidification  brings  about  a 
separation  of  the  copper  from  the  copper-oxidule.  In  the  texture 
of  the  solidified  alloy  copper  and  copper-oxidule  should  be  per¬ 
ceptible  as  separated  elements  of  the  texture,  which  in  reality  is 
the  case.  The  course  of  the  solidification  of  the  alloy  of  copper- 
oxidule  in  copper  is  represented  in  the  freezing-point  curve. 
Fig.  4.  In  this  figure  the  abscissae  represent  the  quantity  of 
copper-oxidule  in  the  alloys,  and  the  ordinates  the  temperatures, 
measured  with  the  help  of  the  pyrometer  at  which  the  solidifica¬ 
tion  began  and  ended.  Between  these  two  temperatures  lies  the 
course  of  solidification  for  the  alloy  under  consideration. 

A  distinct  point  of  solidification  or  of  melting  is  only  ob¬ 
served  in  the  case  of  pure  copper  or  in  the  case  of  an  alloy  with 
3.4  to  3.5  per  cent  copper-oxidule,  that  is,  the  so-called  eutectic 
alloy.  In  all  other  alloys  solidification  takes  place  between  two 
limits  of  temperature,  the  lower  of  which  corresponds  to  the 
point  of  solidification  of  the  eutectic  alloy.  The  upper  limiting 
point,  that  is,  the  beginning  of  solidification,  rises  on  both  sides, 
starting  from  the  eutectic  alloy's  freezing  point  and  tends,  on 
the  side  of  mixtures  weak  in  oxides,  towards  the  point  of  solid¬ 
ification  of  pure  copper  and,  on  the  other  side,  to  the  point  of 
solidification  of  pure  copper-oxidule.  The  microstructure  of 

•  Heyn,  Copper  and  Oxygen. 
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copper  which  contains  small  quantities  of  oxidule  consists  only 
of  microscopically  small  copper-crystals,  as  shown  by  the  sketches 
in  Figs.  15  and  16.  The  texture  of  the  eutectic  alloy  with  3.4 
to  3.5  per  cent  copper-oxidule  consists,  as  is  in  general  the  case 
with  eutectic  alloys,  of  an  extremely  intimate  mixture  of  small 
copper  and  copper-oxidule  crystals,  as  can  be  seen  from  micro¬ 
photograph  18  magnified  123  times.  The  microstructure  of  al¬ 
loys  with  o  to  3.4  per  cent  oxidule  consists  of  round  copper  crys¬ 
tallites  ( k )  surrounded  by  the  intimate  mixture  of  copper  and 
copper  oxidule  corresponding  to  the  eutectic  mixture,  (e),  micro¬ 
photograph  17.  If  the  oxidule  contents  exceed  3.5  per  cent,  the 
copper  crystallites  ( k )  disappear,  and  in  place  of  them  appear 
finger-shaped  crystals  of  copper-oxide  which  lie  embedded  in  the 
eutectic  mixture  ( c ),  micro-photograph  19. 

During  the  solidifying  process  of  alloys  with  less  than 
3.4  per  cent,  oxidule  copper  crystals  first  separate  out  from  the 
liquid  mass.  The  quantity  of  crystals  increases,  the  quantity  of 
mother-liquor  diminishes,  and  with  this  is  connected  an  increase 
in  the  proportion  of  copper-oxidule  in  the  latter.  This  aug¬ 
mentation  continues  while  the  number  of  copper  crystals  contin¬ 
ually  increases  and  the  temperature  falls,  until  the  mother- 
lquor  ias  reached  3.4  per  cent  copper-oxidule,  that  is  to  say 
ie  proportion  contained  in  the  eutectic  alloy,  and  then  solidifies 

lntimatC  *™xture  small  copper-oxidule  crystals  at  the 
freezing  point  of  the  eutectic  alloy. 

process  c^es.w|jere  tlle  oxidule  contents  exceed  3.5  per  cent  the 
mother  -  linuo!™  ^  ^Ut  ^  Crystals  seParating  out  from  the 
thereby  poorer  ^  F  ~  oxidule ;  the  mother  -  liquor  becomes 
ST5  ***. -  UK  Pob,  of  solidifica- 

Hie  eutectic  mixture  aS!"n  “  »"  composition  of 

When  solidifvinrr  1  1  35  P^  cent  All  alloys,  therefore, 

^  pan  w,th^r  'r  "T**™  in  ««*  a  manner.  that 
tion  of  the  eutectic  alloy  ^  alWayS  aPProaches  the  composi- 
the  alloy  contains  an  excesTof  o’4'  M  3'5,  Ce,U  °xidule’  U 
lf  there  is  less  copper  -  oxidi,lP  ^  ^  mUSt  seParate  ol"  1 

order  that  the  ahnv,.  ..  ■  C’  coPPer  most  separate  out  in 

By  the  seoaral  < °"  may  be  a™ved  at. 
alloy  becomes  thick  hwi  SUCh  crysta,s  from  the  fluid  mass,  the 
This  explains  why  conn  -r"  C0Urse  the  solidification  process. 

y  C°PPer  taming  oxidule  is  not  so  thin  in 
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the  fluid  state  as  copper  which  is  free  from  or  weak  in  oxi- 
dule. 

From  Fig.  4  can  be  calculated  what  must  happen  with 
copper  free  from  oxidule  when  it  is  heated  in  the  air  gradually 
to  a  temperature  180  C.  below  that  of  the  melting  point  of  pure 
copper.  If  heating  is  continued  to  the  temperature  correspond¬ 
ing  to  the  ordinate  0  D  in  Fig.  4,  the  copper  will  take  up  oxygen 


Obs.  The  temperatures  are  only  relatively  exact. 

A  IS  Beginning  of  separation  of  copper. 

lIC  Beginning  of  separation  of  copper-oxidule. 

DE  End  of  solidification  process.  Eutectic  line. 

from  the  air,  and  with  this  form  a  fluid  eutectic  alloy  lying 
distributed  in  the  great  mass  of  the  metal,  which  remains  in  a 
solid  state.  During  this  there  is  no  increase  of  temperature. 

If  the  heating  be  continued  long  enough,  the  eutectic  lui 
part  increases  continually,  and  the  remainder  of  the  solid  copper 
swims  in  it,  forming  a  kind  of  paste.  This  continues  turt  ier 
•until  the  whole  mass  is  transformed  into  the  eutectic  mixture 
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and  is  in  a  fluid  state  of  aggregation.  From  this  moment  the 
temperature  can  again  begin  to  rise.  If  the  above  proceeding 
be  interrupted  before  the  quantity  of  fluid  eutectic  alloy  has 
reached  its  maximum,  the  copper  retains  its  external  form  with¬ 
out  any  perceptible  change.  It  is,  however,  no  longer  pure 
copper,  but  has  become  an  alloy  of  copper-oxidule  in  copper 
which,  after  solidifying,  does  not  show  the  same  properties  as 
before.  At  a  temperature  of  i8°  C.  below  its  melting  point, 
copper  is  able,  therefore,  to  absorb  oxygen  in  its  entire  mass, 
it  becomes  “  burnt  ”  copper.  If,  on  the  other  hand,  the  tem¬ 
perature  is  lower,  oxygen  is  still  absorbed  by  the  copper,  but 
only  on  the  surface  in  the  form  of  a  layer  of  oxidule;  the  in¬ 
terior  mass  remains  unchanged. 

The  final  results  can  be  seen  in  Figs.  5,  and  6,  in  which  the 
shaded  parts  represent  copper-oxidule. 

Fig.  20  gives  the  microphotograph  of  a  burnt  copper  treated 
as  in  Fig.  6,  magnified  3^5  times.  The  specimen  was  not  yet 


Fig-  5- 


Fig.  6. 


melted,  had  preserved  its  original  shape,  and  its  composition  ap¬ 
proaches  that  of  the  eutectic  alloy. 

Fig.  21  gives  a  photograph,  magnified  123  times,  of  a  pol¬ 
ished  surface  from  a  small  copper  tube  which  had  been  used  for 
overheating  steam  in  a  laboratory  apparatus  and  which  had  been 
leatcc  externalh  b\  a  Bunsen  burner.  Here  a  similar  phenom¬ 
enon  appeared  as  that  which  was  above  described.  The  conner 
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Prettssischen  Staate,  1874?  22,  p.  94)  the  diminution  in  tough¬ 
ness  becomes  apparent  when  there  is  2.25  per  cent  of  oxidule. 
But  here  also  analysis  seldom  gives  correct  information,  as  it 
leaves  us  in  the  dark  as  to  the  distribution  of  the  oxidule  in  the 
specimen. 

In  the  copper  of  commerce  are  found  accumulations  of 
oxidule  in  the  different  parts  of  the  copper  where  the  oxidule 
contents  rise  almost  to  3.5  per  cent,  but  the  average  contents  of 
the  whole  specimen  do  not  exceed  the  above-mentioned  propor¬ 
tion  2.25  per  cent.  Such  accumulations  which  can  be  perceived 
by  means  of  the  microscope,  can  exert  considerable  influence  on 
the  properties  of  the  metal. 

Thus,  for  example,  a  hard-drawn  or  hard-rolled  copper  rail, 
which  was  occasionally  examined,  showed  numerous  linear  layers 
of  copper-oxidule,  lying  lengthwise.  The  total  oxidule  contents 
amounted,  according  to  estimation  made  by  means  of  the  micro¬ 
scope,  to  less  than  1  per  cent;  in  some  places,  however,  in  the 
line-like  accumulations,  it  rose  higher,  almost  to  the  eutectic 
contents.  Microphotograph  22  shows,  on  the  right,  such  a  line 
of  copper-oxidule,  and  on  the  left  material  poor  in  oxidule, 
magnified  123  times.  The  bar  could  be  bent  completely  afrer 
being  annealed,  but  in  the  original  state  in  which  it  was  cold- 
worked  and  then  made  use  of,  its  bending  capacity,  in  compar¬ 
ison  with  material  weak  in  oxidule,  which  had  undergone  the 
same  treatment,  was  considerably  diminished. 


As  Fig.  7  shows,  the  bar  broke  on  being  bent  along  the  line 
like  oxidule  layers. 

It  can  be  seen  from  this,  that  the  influence  of  the  oxidule 
on  the  properties  of  the  annealed  copper,  even  under  unfavor¬ 
able  conditions  of  accumulation,  as  here,  does  not  make  itself 
much  felt,  but  that  in  a  cold-wOrked  condition,  when  the  capac¬ 
ity  of  the  copper  crystals  for  undergoing  a  change  of  form  is 
already  smaller,  the  unfavorable  influence  occasioned  by  the 
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presence  of  layers  of  the  foreign  body  embedded  in  the  copper 
becomes  distinctly  perceptible. 


4.  Two  Instances  of  Permanent  Deformations 
at  Ordinary  Temperatures. 


The  following  example  is  calculated  to  show  how  extraor¬ 
dinarily  sensitive  are  metallographical  methods  relating  to  the 
discovery  of  permanent  deformations  at  an  ordinary  temperature 
(specimens  cold-worked).  From  a  10  mm.  thick,  flat  piece  of 
steel  consisting  of  the  softest  basic  Martin  material,  two  spec¬ 
imens  (I.  and  II.)  for  bending  tests  were  cut  by  halving  the  flat 
iron  longitudinally  as  shown  in  Fig.  8. 


Both  specimens  were  notched  on  one  side.  Specimen  I  was 
ent  at  the  ordinary  temperature  over  a  dome  of  io  mm.  into 
the  curvature  shown  in  its  natural  size  in  Fig.  9.  After  the 
bending  the  specimen  was  cut  in  the  direction  of  the  length  ab 
|n  h,g.  8>  the  section  thus  obtained  was  polished  and  etched. 

sP°tS.  1 '  2 •  3  marked  in  Fig.  9  were  magnified  3 § 5  times 
f£,rS  f  *  Sh,T  in  FigS'  I0-  11  a"d  >2-  •  From  these 

S  noim6,5126  T  °f  the  gfains  of  ferrite  ca"  see., 

the  tTm  ,  C°rreSp0nc!s  t0  the  etched  side  close  to  the  notch. 
S  r-  the  compressed  side,  and  2  is  at  the  middle 

med  ate  b!"  ^  3\  Fr°m  Figs'  IO’  11  -'<1  ,2  it  can  im- 

e  t  etd  ,  !  V  h  ,e  RrainS  °£  ir°"  °"  the  s‘de  of  traction 

,ength- ont,n' 

I^the  middlTat'p0-1^'  l°  ^  l0ngitUdinaI  ^fsTnhe ’ spedmcm! 

arranged  in  a  noskLn  F,gV°’  11  and  the  sketches  are 
s  1  in  a  position  corresponding  to  Fig.  9. 
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In  cases  of  smaller  deformation  than  in  the  above  example, 
a  simple  inspection  of  sketches  is  not  sufficient  to  ascertain 
beyond  doubt  the  change  of  form  in  the  grains.  In  this  case, 
measuring  will  certainly  lead  to  the  attainment  of  this  object. 
For  the  purpose  of  measuring,  a  system  of  lines  not  too  far  apart 
is  drawn  through  the  sketch  as  indicated  in  Fig.  10.  It  is, 
however,  advantageous  not  to  choose  a  circular  limit,  as  in 
Fig.  10,  which  cuts  the  grains  indiscriminately,  but  to  arrange 
the  limit  so  that  only  complete  grains  lie  in  the  sketch.  If  it 
is  desired  to  determine  the  average  measurement  of  the  grains 
in  the  direction  Q  Q,  the  whole  length  of  a  line,  for  instance  xy 
(80  mm.),  is  measured.  As  the  line  cuts  10  grains  on  the 

average,  there  are  =  mm.  for  each  grain. 

The  same  procedure  is  repeated  for  all  the  parallels  to  Q  Q. 
and  a  total  average  calculated  from  all  the  values  so  obtained. 
This  figure  corresponds  then  to  the  average  thickness  of  the 
grains  in  the  direction  Q  Q.  The  average  thickness  of  the  grains 
in  the  direction  L  L  is  obtained  analogously  by  means  of  the 
system  of  parallels  to  L  L.  In  the  case  discussed  the  results 
were 

in  the  direction  Q  Q  6.6  mm., 

in  the  direction  LL  13.5  mm.  (lineal  magnifying  365  times). 
The  grains  are  therefore  twice  as  long  in  the  direction  LL,  as 
in  the  direction  Q  Q. 

If  the  direction  of  stretching  is  not  previously  known,  sys¬ 
tems  of  parallels  must  be  drawn  at  different  angles  to  L  L  and 
Q  Q.  That  direction  in  which  the  average  thickness  of  the  grains 
is  the  greatest  is  the  direction  of  stretching  sought  for. 

In  the  middle  at  spot  2  the  results  were: 

Average  thickness  of  grains  in  direction  Q  Q  =  mm. 

Average  thickness  of  grains  in  direction  LL  =  11.9  mm. 

Hence  it  appears  that  the  grains  here  are  not  stretched. 

On  the  compressed  side  at  spot  3  we  found : 

Average  thickness  of  grain  in  direction  QQ  12.6  mm. 

Average  thickness  of  grain  in  direction  LL  8.3  mm. 

The  grains  are,  therefore,  stretched  considerably  in  the  di¬ 
rection  Q  Q.  It  is  not  surprising  that  the  products  of  the  meas¬ 
urements  Q  Q  and  LI  in  all  three  cases  do  not  supply  the 
same  figure.  As  shown  by  the  author  in  the  above-mentioned 
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L 


L  L 


Q 

Fig.  io. 

Magnified  sp  diameters. 
Specimen  I.  Bent  at  ordinary  temper¬ 
ature.  Stretched  side.  Spot  i. 
Average  measurements  of  grains  : 
in  the  direction  QQ  -  6.6  mm  * 
in  the  direction  LL  =  13.5  mm. 


0 

Fig.  11. 

Magnified  diameters. 
Specimen  I.  Bent  at  ordinary  temper¬ 
ature.  Middle.  Spot  2. 
Average  measurements  of  grains, 
in  the  direction  QQ  =  11.1  mm.* 
in  the  direction  LL  =  11.9  mm. 


L 


Q 


L 


Fig.  12. 

Magnified  1$  i  diameters. 
Specimen  I.  Bent  at  ordinary  temner 
«ure.  Compressed  side.  SpoTt 
Average  measurements  of  grains  • 
in  the  direction  QQ  =  I2  a  * 
in  the  direction  LL  =  8.3  mm 


*  Measured  under 


Q 


L 


Q 


13- 

Magnified  diameters. 
Specimen  II.  Bent  at  blue  heat, 
stretched  side  close  to  the  notch. 

Average  measurements  of  grains 
in  the  direction  QQ  -  mm  * 
_j _ ln  the  direction  LL  =  u.4  mm. 


magnifying  365  times. 
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publication,  not  only  simple  changes  of  form  in  the  ferrite  grains 
take  place  when  there  is  a  permanent  deformation  in  the  spec¬ 
imen  brought  about  in  an  ordinary  temperature,  but  at  the  same 
time  an  increase  in  the  number  of  grains,  that  is,  a  subdivision, 
occurs. 

It  is  not  necessary  to  mention  specially  how  great  is  the  scope 
for  such  researches  in  testing  institutes  like  the  one  in  Charlotten- 
burg,  where  problems  of  very  complicated,  nature  have  often  to 
be  solved. 

Specimen  II,  taken  from  the  same  piece  of  flat  iron  (see 
Fig-  8),  was  heated  in  an  oil-bath  to  a  temperature  of  260°  C., 
and  then  immediately  bent  before  cooling  commenced.  The  spec¬ 
imen  was  immediately  cracked  at  the  notch,  and  broke  com¬ 
pletely,  long  before  the  curvature  shown  in  Fig.  9  was  attained. 

Fig.  13  is  a  reproduction  of  a  spot  close  to  the  notch, 
magnified  305  times.  Calculation  of  the  grain  measurements  by 
the  method  described  above  gave  the  results 
in  the  direction  Q  Q  11.3  mm. 
in  the  direction  LL  11.4  mm. 

Therefore,  whereas  in  the  case  of  Specimen  I,  bent  at  an 
ordinary  temperature,  considerable  stretching  of  the  grains  at 
the  corresponding  spot  in  the  direction  of  the  bar-axis  was  de¬ 
termined,  there  is,  in  this  case,  no  trace  of  stretching  to  be  ob¬ 
served.  The  grains  remain  completely  equiaxial.  There  is, 
therefore,  the  essential  difference  between  cold  bendings  and 
bendings  at  blue  heat,  that  in  the  former  the  deformation  is  dis¬ 
tributed  over  a  great  mass  of  material,  whereas  in  the  latter, 
even  in  the  immediate  proximity  of  the  fracture,  there  can  be 
no  question  of  a  deformation  of  the  metal. 

There  was  no  difference  remarked  in  the  microstructure  of 
Specimens  I  and  II  at  places  where  there  was  no  deformation. 
In  the  case  of  rupture  at  blue  heat  no  change  of  structure  occurs, 
but  the  iron  grains  have  at  blue  heat  a  smaller  capacity  of  de¬ 
formation  than  at  the  ordinary  temperature.  This  is  already  the 
second  case  in  which  ferrite,  without  any  visible  external  change, 
shows  really  an  essentially  different  behavior  with  regard  to  de¬ 
formation.  In  the  first  case  the  influence  of  hydrogen  was  the 
cause,  in  the  second  case  the  change  in  its  properties  produced 
by  blue  heat. 

I  must  seize  this  opportunity  to  warn  against  attempts, 
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unfortunately  often  enough  met  with  in  metallographical  liter¬ 
ature,  which  aim  without  further  consideration  at  drawing  con¬ 
clusions  as  to  the  resisting  qualities  of  materials  from  the  state 
of  the  microscopical  texture,  for  instance,  from  the  smaller  or 
greater  in  the  manner  in  which  the  constitute  structural  elements 
are  fitted  together.  This  condition  of  the  microstructure,  as  is 
known  from  experience,  plays  often  a  very  insignificant  role 
which,  in  comparison  with  other  influences,  lies  far  in  the  back¬ 
ground,  as  is  for  instance  proved  by  the  brittleness  produced  by 
blue  heat  and  hydrogen.  Metallographical  methods  can,  as  will 
be  seen,  not  be  regarded  as  a  universal  application,  by  means  of 
which  everything  that  was  formerly  problematical  can  be  done 
and  explained  without  great  reflection  and  expert  knowledge. 
But  still  they  are  powerful  auxiliaries,  which  have  materially 
enriched  our  metallurgical  knowledge  and  promise  much  for  the 
future,  if  they  are  conducted  with  scientific  care  and  intelligence. 

In  a  second  example,  to  which  I  should  like  to  direct  your 
attention,  it  was  desired,  by  means  of  two  copper  rods,  both  of 
which  had  been  cold-worked  to  about  the  same  extent,  to  de¬ 
termine  at  what  minimum  temperature  the  effects  of  the  cold¬ 
working  disappear.  The  first  object  was  to  determine  this 
degree  of  temperature  from  the  ratio  of  the  flowing  limit  to  the 
limit  of  fracture,  which,  as  is  known,  increases  with  the  degree 
of  cold-working,  and  by  annealing  again  becomes  nearer  to  a 
eterminate  minimum.  L  nfortunately,  during  this  experiment 
t  e  testing  material  failed,  and  so  it  was  necessary  to  employ  a 
metallographical  method  for  arriving  at  a  result. 

Thf  following  was  the  method  of  proceeding.  From  the 
material  which  was  in  the  form  of  two  flat  bars,  cross  and  lon¬ 
gitudinal  sections  were  prepared  in  the  state  in  which  the  material 

am  deivfred  and  after  [t  had  keen  heated  at  different  temper- 
res.  As  shown  in  Fig.  14  the  direction  of  the  shortest  side 
of  the  speenmen  is  denoted  by  a,  the  direction  of  the  specimen  s 

tbn  by  b.  ti0"  °f  thC  l0nger  Side  of  tlle  cross  SCC' 

b  and  the  V%  C-r.°S?-  st  ct'on’  therefore,  were  the  directions  a  and 

the  dir«'i™"T™d  /'"S'  """  “  mad'  lhw  «“>• 

etched  bv  means  Cut  surfaces  were  polished  and 

different  spots  on  the  sections 
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sketches  of  the  grains  were  made.  Direct  photographs  are  not 
suitable,  because  the  limits  of  the  grains  are  only  distinctly  visible 
when  highly  magnified,  and  in  this  case  the  field  of  vision  to 
be  measured  is  much  too  small.  A  method  was  therefore  em¬ 
ployed  by  which  first  an  outline  of  the  sketch  was  made  from  a 
photograph  which  had  been  somewhat  magnified,  and  then  in 
this  rough  sketch  the  exact  course  of  the  grains’  boundaries  was 
traced  by  means  of  the  etching  figures  visible  under  high  mag¬ 
nifying  power. 

The  measuring  of  the  thickness  of  the  grains  in  the  different 
directions  a,  b,  c ,  was  accomplished  by  means  of  netted  lines  in 
the  manner  previously  explained.  The  results  are  collected  in  the 
accompanying  tables.  The  thickness  of  the  grains  is  referred  to 
the  unit  fi  which  equals  .001  mm.  So  far  as  the  figures  could 
be  ascertained,  the  results  of  traction  tests  are  added.  In  addi¬ 
tion  the  ratio  C  .100,  that  is,  the  ratio  of  the  measurements  of 
a 

the  grains  in  the  longitudinal  direction  and  in  the  direction 
parallel  to  the  shortest  side  are  given.  This  ratio,  in  the  case  of 


Fig.  14. 


equiaxial  grains,  must  correspond  approximately  to  the  number 
100.  On  the  contrary,  if  the  degree  of  cold-working  be  increased, 

<tS 

this  ratio  must  also  increase.  The  ratio  ^  .100  given  in  the 

last  column  is  small  in  the  case  of  annealed  material,  and  rises 
with  the  degree  to  which  the  material  is  cold-worked. 

From  the  tables  it  can  be  seen  that  the  quantities-  .100  as 

well  as  the  ratios  ^f.ioo  for  both  materials  in  the  cold-worked 
xrn 

condition,  lie  very  near.  The  extension  of  the  copper  grains  is 
easily  perceptible ;  their  measurements  in  the  direction  a  are  to 
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those  in  the  direction  c  in  the  proportion  of  ioo:  174  and  of 
100:  168  respectively.  The  limit  of  flowing  (6  S)  lies  very  near 
to  the  limit  of  fracture  (6  B),  as  is  generally  the  case  with  cold- 
worked  metals.  Flat  bar  I  gave  already,  after  being  heated 

480°  C.,a  value  -  .100,  which  was  almost  equal  to  100;  the  mate¬ 
rial  is  therefore  sufficiently  annealed;  the  influence  of  the  cold- 


working  has  disappeared;  the  value  ^  .100  has  fallen  to  12. 
Heating  to  a  higher  temperature  has  no  further  effect;  the 
ratio  -  .100  remains  in  the  proximity  of  100. 

In  the  case  of  material  II,  however,  heating  to  480°  C.  dim¬ 
inished  the  effects  of  the  cold-working,  but  did  not  entirely 

destroy  them,  i  .100  is  still  135,  and  the  value  of  "j. too  only 
lowered  from  90  to  74.  Heating  to  500“  C.  produced  no  material 
further  effects;  the  value  ^.100=140  remained  almost  un¬ 
changed.  Heating  to  660°  C„  however,  effected  the  complete 
annealing  of  the  metal;  i  .100  =  94  is  near  the  value  too. 
that  which*  was  remarkefi  tIlat  material  I  is  the  same  copper  as 

ference  of  the  reSinT'  ^  °£  coPPe™*idule.  The  dif- 
the  flat  bar  II  ( n  ^.ProPertles  of  this  copper  compared  with 

evident  from  ”  r"1"^  in  the  ^-worked  state,  is 

gives  3nd  d0^ati0n;  bar  1 

per  cent.  This  difference  is  in*  ^  .WhfreaS  bar  11  glves  27-9 
copper  I  ~ 

are  giveifin  Figs^e  ^nd^/T  the  C0PPer  grains  lie,  two  sketches 
,  f  ‘  5  "d  16  3S  the>’  "'ere  employed  for  determin- 

Fig-  t  •  tlV700;-  The>'  arC  Hneally  “***  I23  times. 

heated  to  66o°  Sec^on  of  the  flat  bar  II  after  being 

are  equiaxial.  Fie  16  L  ,25  ^  c°mp.  tables).  The  grains 
material  in  its  original  cold-workefltat^  °f  the  Samc 

he  grains  are  visibly  stretched  in  the  direct  and  c  =  46  A 

The  number  of  examnW  •  ,  dlrection  c. 

examples  m  winch  metallographical  methods 
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Flat  Bar  I. 


Condition 

Kind  of 
Section 

Average 

measurements  of  the 
copper  grains 
in  the  direction 

c 

100 

a 

Limit  of  flowing 

S  kg/squ.  mm. 

Limit  of  fracture 

<r  B  kg/squ.  mm. 

Contraction 

§>  11 

jo  •© 

5 

8 

b  b 

a  \  t,  \  < 

fi  =  0.001  mm. 

Cold-worked  ....  - 

Cross . 

24 

27 

29 

27 

3° 

46 

Longitudinal 

26.4* 

28.5 

46 

174 

23-5 

25.6 

34-5 

16.6 

92 

r 

Annealed  to  480°  C.  | 

Cross .... 

28 

24 

26 

27 

27 

longitudinal 

26 

33 

33 

26 

104 

25 

21.3 

48 

48 

12 

r 

Annealed  to  66o°  C.  | 

Cross . 

Longitudinal 

33 

32 

33 

33  32 

97 

not  determined 

Flat  Bar  II. 


Condition 

Kind  of 
Section 

Average 

measurements  of  the 
copper  grains 
in  the  direction 

V 

001 

y 

Limit  of  flowing 
<r  S  kg/squ.  mm. 

Limit  of  fracture 

<r  B  kg/squ.  mm. 

0 

rt 

C* 

O 

U 

0 

«>ll 

0  *© 

W 

8 

b  b 

a  \  i  \  c 

It  =  0.001  mm. 

Cold-worked  ....  \ 

Cross . 

27  32 

72  7S 

46 

Longitudinal 

26 

27.4* 

35 

46 

168 

22.7 

2.48 

46-5 

27.9 

90 

r 

Annealed  to  480°  C.  •< 

Cross . 

Longitudinal 

27 

25 

29 

35 

26 

29 

35 

135 

17.7 

23-9 

45 

304 

74 

Annealed  to  500°  C. 

Longitudinal 

22 

— 

3i 

140 

not  determined 

Annealed  to  66o°  C.< 

Cross . 

Longitudinal 

28 

25 

27 

2  s 

26.5 

27 

25 

94 

not  determined 

■The 


mo,t  Probable  values  are  determined  according  to  E.  Vallier  (C.  r.  128  s.  654-56).  To  the  arith- 


metical  m 

ean  (»»)  is  added - Li?  according  to  the  magnitude  and  sign,  where  x,  and  xs  are  the  algebraical 

*umi  of  |L  ^ 

c  *quares  and  cubes  respectively  of  the  deviations  from  the  mean  (m)  of  the  single  values  observed. 
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have  been  of  sen-ice  when  it  was  desired  to  ascertain  if  the 
metal  had  undergone  cold-work,  and  what  was  {he  effect  and 
nature"  of  this  treatment,  is  naturally  unlimited.  I  should,  how¬ 
ever  in  conclusion  still  like  to  mention  one  case,  viz.,  that  it  is 
possible  to  determine  subsequently,  if  holes  in  mild  steel  were 
bored  or  punched,  and  this  can  be  done  even  if  a  part  of  mat¬ 
erial  be  removed  from  the  vicinity  of  the  hole  by  rubbing  or 
other  manipulation.  The  observations  made  in  this  connection 
are  recorded  in  the  Reports  of  the  Royal  Technical  Testing 


C 


a 


Fig.  15.  Magnified  1 23  diameters.  Hand-sketch. 
Material  n.  Heated  at  66o°  C.  Longitudinal 
section  a  =  25,  c  —  25  Equiaxial  copper  grains. 


Fig.  16.  Magnified  123  diameters.  Ham 
Copper  material  11.  Cold-worked.  Eongil  ^ 
section  a  —  26  ft,  c  —  46  fi.  Stretched  i* 

dirpctinn  <7. 


Institutes  ( Mittheilungen  der  kdtiiglichen  Tcchnischcn  V ersuchs- 
anstalten,  1898,  E.  H'evn,  “  Microscopical  Researches  on  Deeply 
Etched  Polished  Iron  Surfaces)  ;  and  further  in  the  journal  of 
the  Society  of  German  Engineers  ( Zcitschrift  dcs  Vercins  Deut- 
schcr  Ingenieure,  1900,  No.  14,  p.  442  ff.). 

The  microstructure  of  the  material  can  be  compared  to 
hieroglyphics  in  which  is  expressed  the  treatment  which  the 
material  has  undergone. 

B\  deciphering  the  hieroglyphics  valuable  information  may 
be  obtained.  The  continual  exertions  in  the  field  of  metallo- 
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graphical  research  will  surely  succeed  in  penetrating  the  signif¬ 
icance  of  these  hieroglyphics,  and  so  afford  constantly  new  and 
valuable  material  for  the  methods  of  metal  testing.  Metallograph- 
ical  methods  have  already  established  themselves  in  this  branch 
of  experimental  science  and  will  continually  strengthen  their 
position. 


NICKEL  STEEL* 

SINCE  the  introduction  of  the  Bessemer-Mushet  process  of 
steel  making  whereby  the  carburization  was  effected  in  a 
fluid  state  numerous  attempts  have  been  made  to  improve  its 
properties  by  the  introduction  of  other  elements  while  in  the 


F»g.  i.  Test  Pieces.  5  Forgings.  2  Castings. 


in  condition.  Copper,  tin,  antimony,  manganese,  chromiun 
a  uminum,  tungsten,  nickel,  silicon,  cobalt,  singly  or  in  con 

imTn°n  e°n  triC<*  aS  a^oys  various  results,  some  gi 

g  des^abk  and  some  very  undesirable  properties  to  the  alio; 

Ha  l  in  F  yrr!,  fr  l889'  Mr-  Ja™s  Riley  With  Mr.  J.  1 
nickel  as  l'1’  an  •  }f"  ^arl,eau  in  France,  experimented  wit 
patents  inr'th  °"  £tCe*  an<!  a’most  simultaneously  took  ot 

The  idea  was'  "T  matcr‘al  ln  l*31*1  countries  early  in  that  yea 
rhe  idea  was  not  new,  Sir  Henry  Bessemer  as  early  as  185 

*  From  the  Railroad  Gauttt,  August  8,  1902. 


Nickel  Steel 


65 

having  called  attention  to  the  peculiar  properties  of  the  ferro- 
nickcl  alloys  found  in  meteoric  iron,  but  he  himself  failed  to 
produce  a  similar  alloy  in  the  crucible  furnace. 

Mr.  Riley,  in  a  paper  read  before  the  Iron  &  Steel  Institute 
some  eight  months  after  the  granting  of  the  patent,  pointed  out 
the  advantage  to  be  gained  in  using  a  material  for  all  kinds  of 


Carbon  Steel. 


Not  Annealed. 


Nickel  Steel. 


Carbou  Steel.  Nickel  Steel. 

Annealed. 


Fig.  2. 

construction  which  had  an  ultimate  strength  of  30  per  cent  and 
an  elastic  limit  of  from  60  per  cent  to  70  per  cent  greater  than 
wild  steel  with  equal  ductility.  Since  that  time  the  uses  of 
nickel  steel  have  rapidly  developed  for  all  kinds  of  work  in  which 
minimum  weight  witji  maximum  strength  is  a  prime  requisite. 
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The  melting  point  of  nickel  is  3,000°  Fahr.,  slightly  higher 
than  that  of  steel.  It  is  not  practicable  therefore  to  add  it  in 
the  ladle  as  is  done  with  spiegel  or  other  metals,  but  it  is  added 
with  the  charge  directly,  in  either  the  open  hearth  or  crucible 
methods  either  in  the  form  of  metallic  nickel  or  the  oxide,  which 
contains  about  77  per  cent  nickel.  Nickel  steel  is  extremely  sens¬ 
itive  to  sudden  changes  of  temperature,  and  great  care  must  be 
exercised  to  avoid  sudden  chilling,  which  may  cause  surface 
hardening,  making  proper  working  difficult.  In  general  nickel 
steels,  low  in  carbon,  are  treated  as  high  carbon  steels.  The 
cold  metal  can  be  depended  upon  to  resist  rough  handling  and 


Carbon  Steel. 


Fig-  3.  Oil  Tempered. 


Nickel  Steel. 


abuse,  but  when  hot  it  should  be  treated  with  great  care.  The 
c  t  me  e  on  low  carbon  steels  or  wrought-iron  is  to  font 
nicWTgr°US  *°ugher  and  stronger  than  either  iron  oi 
of  nidJ  7  Carb?°  StCel  cannot  be  ma<ie  hard  by  the  adduior 
tests  In  3  °ne’  ?  uCh  faCt  haS  been  substantiated  by  numerous 
the  influent-606#3  |C  e^ect  ot”  n*ckel  on  hardness  is  not  due  tc 
tder  rtL  r  abne’  bUt  to  its  effect  on  the  carbon  ir 
SfZj  7  m°re  SCnsitive  •»  beat  treatment. 

elastic  strength  ThreengU1Shed  fr°m  Simple  steel  by  itS  h’gl 

hearth  steel  of  o  25  per  cZt  ""L  all°yed  with  an  0P°r 

every  wav  to  a  *  carbon  produces  a  metal  equal  n 

■He  ductility  0f  lo.  carton  s^r45oP'[  but  1,avi"! 

Healed,  ,He  addition  of  S 


Nickel  Steel 
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cent,  causes  approximately  an  increase  of  5,000  lbs.  elastic  limit 
and  4,000  lbs.  ultimate  strength.  The  influence  of  nickel  on 
the  elastic  limit  and  ultimate  strength  increases  with  the  per¬ 
centage  of  carbon  present,  high  carbon  steels  showing  a  greater 
gain  than  low  carbon  steels.  The  addition  of  nickel  raises  the 
proportion  of  elastic  limit  to  ultimate  strength,  and  adds  to  the 
ductility  of  the  steel.  Tests  made  by  Mr.  A.  L.  Colby,  of  the 
Bethlehem  Steel  Co.,  show  this  ratio  to  be  46.4  per  cent  for 
mild  steel,  46.2  per  cent  for  medium  hard  steel,  and  58.7  per 
cent  for  medium  hard  nickel  steel.  This  effect  of  nickel  upon 
the  elastic  limit  accounts  for  the  increased  working  capacity  of 
nickel  steel  and  its  resistance  to  molecular  fatigue. 

This  particularly  valuable  alloy  is  steadily  growing  in  use 
for  locomotive  parts,  and  for  some  time  it  has  been  in  general 
favor  with  marine  engine  builders  on  account  of  its  increased 
strength,  which  permits  a  great  saving  in  weight.  Some  of  the 
uses  to  which  it  is  being  put  in  locomotive  building  are  given 
below. 


Nickel-Steel  Forgings  Nickel-Steel  Castings. 


Driving-wheel  axles. 

Frames  and  rails. 

Tender  truck  axles. 

Wheel  centers. 

Piston-rods. 

Driving-boxes. 

Connecting-rods. 

Crossheads. 

Guides. 

Saddles  (cellars). 

Crank  or  w'rist  pins. 

Rocker-shaft. 

Guide  yoke  (bearer). 

Steam-chests. 

Spring  links. 

Guide  yoke  knees. 
Eccentric  straps. 
Equalizing  beams. 
Reverse  shaft. 
Cross-ties. 

Cylinder  heads. 
Furnace  bearers. 

Water-space  frame. 
D  ra  wh  ead-poc  k  et. 
Lifting-link. 

It  will  be  seen  that  this  list  includes  most  of  the  heavy 
parts  of  the  engine  together  with  those  subjected  to  the  greatest 
stress. 

The  Bethlehem  Steel  Co.,' who  were  among  the  first  to  make 
nickel  steel  in  this  country,  and  who  have  had  much  to  o  w  1  i 
its  successful  'introduction  into  the  arts,  recently  urnis  le  t  ie 
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nickel  steel  forgings  and  castings  for  a  narrow-gauge  locomotive 
which  showed  the  following  excellent  physical  properties  de¬ 
termined  from  standard  2*4  in.  X  in.  tensile  specimens  and 
i  in.  X  Vz  in.  bending  test  bars. 


f 

Nickel-Steel  Forgifigs. 

Tensile 

Elastic 

strength. 

limit, 

lbs. 

lbs. 

Driving-wheel  axles  .  . 

.  .  .  90,310 

64,170 

Piston  rods . 

60,090 

Main  crank-pins  .... 

•  •  •  93,570 

65,450 

Front  crank-pins  .  .  . 

.  .  .  92,180 

64, 1 70 

Connecting-rods  and  guides 

.  .  .  92,040 

59,820 

Exten. 

Cont. 

Per 

Per 

cent 

cent 

25.00 

5376 

2S-SO 

54.08 

24.00 

49-37 

24.50 

51.00 

26.00 

53-ci 

Crosshead . 

Furnace-bearer,  bearer  guide 


Arickel-Steel  Castings . 

•  •  84,549  53.980 

.  .  85,050  54,490 


18.50  31.10 

18.00  26.04 


FiS-  4-  Nickel  steel.  Center- 


Nickel  Steel 


69 

l'ig.  1  shows  the  appearance  of  the  test  pieces  after  fracture 
Assuming  $.03  per  lb.  as  the  cost  of  introducing  nickel  into  the 
forgings  and  castings  for  this  locomotive,  it  cost  only  about 
$70  to  very  materially  increase  the  life  of  the  working  parts 
and  most  of  this  extra  cost  is  returned  to  the  purchaser  when 
he  returns  this  nickel  steel  to  the  steel  maker  as  scrap. 

Photo-micrographs  of  nickel  and  carbon  steel  under  the 
same  heat  treatment,  Figs.  2,  3  and  4,  show  the  uniformly  fine 
crystalline  structure  of  nickel  steel  as  compared  to  carbon  steels. 


Fig.  5.  Carbon  Steel  Bending  Test  Pieces. 


big.  4  shows  the  difference  between  the  structure  on  the  inside 
and  outside  of  an  axle,  those  taken  from  the  outside  portion 
illustrating  the  hardening  effect  of  finishing  shown  by  the  finer 
and  more  homogeneous  nature  of  the  crystals. 

The  following  table  gives  the  physical  properties  in  a  com¬ 
parative  manner  of  nickel  and  carbon  steels  under  different  heat 
treatments,  and  Figs.  5  and  6  give  a  comparison  of  the  ductility 
of  the  two  metals  under  bending  tests. 


Tensile 

Elastic 

Ex  ten. 

Cont. 

strength, 

limit, 

Per 

Per 

Annealed: 

lbs. 

lbs. 

cent 

cent 

Carbon  steel 

51  >440 

19-5° 

36.3' 

Nickel  steel 
Cil-tempered : 

66,720 

25.00 

54.56 

Carbon  steel 

07,230 

17.50 

338-5 

Nickel  steel 

76,390 

25.00 

61.56 

1  he  wonderful  results  that  can  be  obtained  from  nickel  steel 
Agings  by  special  heat  treatment  are  shown  in  the  table  below. 
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Note  the  unusually  high  elastic  limits  obtained  without  sacrifice 
of  either  extension  or  contraction  of  area. 


Small  Rifle  Barrels  —  Nickel  Steel . 


Tensile 

Elastic 

Exten. 

Cont. 

strength, 

limit, 

in  2  in. 

of  area. 

lbs. 

lbs. 

Per  cent 

Per  cent 

115,100 

99,820 

23 

64.00 

114,080 

97,780 

23 

64.95 

114,590 

99,820 

23 

65-45 

116,620 

96,770 

22.50 

62.05 

116,120 

97,780 

23 

64.00 

*  114,590 

98,800 

24 

62.53 

Fig.  6.  Nickel  Steel  Bending  Test  Pieces. 


Wlth  the  Present  increased  facilities  for  its  manufacture  oi 
arge  scale,  its  high  elastic  limit,  together  with  its  ductility  a 
compared  to  other  materials  of  construction,  nickel  steel  is  slow! 

frr°^ai  use  despite  ks  added  first  c°st  in  n°  °the 

adoption^*  •  °i  °Ut  S°  many  advantages  to  be  gained  by  it 
be  had  and  the  ’“T"?  ““"S'  T’ 

such  limits  that  the  dr  ^  t0  keep  the  wei§'ht  of  the  Parts  wlthl 

pHed  b0"r power  — d  ma-v  *1? 

shocks,  its  ductilitv  !  ,  t1,weight*  Its  ability  to  resist  slldde 

*  a  great  advantage  over^c  ultimate  strength 

Its  place  in  marine  •  arbon  steels,  wrought  or  cast  iroi 

tion  into  new  fields  1S  now  assured,  and  its  introduc 

wdl  be  watched  with  interest. 
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PHOTO-MICROSCOPY  OF  METALS  AS  PRACTICED  BY 
STEEL  COMPANIES.* 


By  M.  A.  RICHARDS 


A  \  7HEN  Henry  Clifton  Sorby  of  England  reported  the  re- 
*  V  suits  of  his  study  of  the  structure  of  meteoric  and  arti¬ 
ficial  irons  at  a  meeting  of  the  Iron  and  Steel  Institute  in  1864, 
in  a  paper  “  On  the  Microscopical  Structure  of  Meteors  and 
Meteoric  Iron,”  very  little  attention  was  paid  his  report.  After 
a  lapse  of  twenty-two  years  the  Institute  requested  Dr.  Sorby, 
Dr.  Percy,  and  Sir  Henry  Bessemer  to  decide  what  was  the  best 
way  of  illustrating  a  complete  paper  on  the  microstructure  of 
iron  and  steel.  As  the  result  of  this  investigation,  Dr.  Sorby 
presented  two  papers  to  the  Iron  and  Steel  Institute  “  On  the 
Microscopical  Structure  of  Iron  and  Steel.”  Since  that  time  this 
means  for  the  examination  of  metals  and  their  alloys  has  in¬ 
creased  in  importance  and  value,  and  within  the  last  decade  has 
become  a  recognized  department  in  the  testing  laboratories  of 
many  industries,  especially  those  of  producers  and  users  of  iron 
and  steel. 

An  equipment  for  the  study  of  metal-microscopy  or  metal¬ 
lography  consists  of :  a  means  for  the  preparation  of  the  micro¬ 
section  ;  reagents  to  “  etch  ”  the  specimen ;  a  compound  micro¬ 
scope,  which,  in  addition  to  the  usual  accessories,  is  equipped 
with  a  vertically  movable  stage  and  a  means  for  vertical  illu¬ 
mination”;  a  light,  strong,  steady,  and  of  uniform  intensity, 
and  a  camera  adapted  to  use  with  a  microscope. 


The  piece  of  steel  to  be  examined  and  photographed,  hav¬ 
ing  been  machined  to  a  suitable  size  for  use  on  the  microscope 
stage  (the  most  convenient  size  and  shape  being  either  cylinders 
or  cubes  of  about  one-half  inch),  the  surface  to  be  examined  is 
filed  to  a  true  plane,  and  the  polish  is  continued  on  successively 
finer  grades  of  emery-cloth  stretched  over  plane  surfaces.  It  is 
well  to  change  the  direction  of  the  application  of  the  abrasive 


*  Journ 
Nations  are 
Microscopy . 
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with  each  change  in  fineness,  so  that  each  set  of  scratches  is  at 
right  angles  with  the  previous  set  of  marks.  One  set  of  marks 
must  be  entirely  obliterated  by  the  following  set,  and  care  must 
be  taken  to  keep  the  polished  face  a  plane  surface  or  else  dif¬ 
ficulty  will  be  met  with  in  getting  a  flat  field  under  the  micro¬ 
scope.  Following  the  polish  on  emery-cloth  the  process  is  con¬ 
tinued  on  sheets  of  muslin  or  canvas  also  stretched  over  plane 
sunaces  and  to  which  is  applied  the  best  Turkish  flour-of- 

eiTT!i  -T*1611  tobows  a  Polish  upon  a  similarly  covered  disk- 
coated  with  a  paste  of  calcined  ammoniacal  alum'  and  powdered 
castUe  soap  d.ssolyed  in  water.  Finally,  the  effacement  of  all 

1  ,S..?mpl?ted  l,P°n  ,a  ^mois  skin  stretched  over  a 

with  water  ^  C°^tC(*  best  jeweler’s  rouge  mixed 

completion  n/ti.Pr0per  ^  Pobshed  specimen  of  steel,  upon  the 
all  scratches  and  should  be  microscopically  free  front 

or  silver  plating  *  °U  °°k  ^  3  welI_burnished  piece  of  nickel 

hand-process  delcribed^to^  ?eClmenS  are  to  be  PrePared-  the 
used,  driven  by  power  and  *  §  °W’  ^  3  pohshinS  “  head  ”  IS 
at  the  command  of  the  ™r  u  arranged  that  four  surfaces  are 
are  an  emen-whee  ?  Generall-V  these  four  surfaces 

ness;  a  disk  covered  witT  °rundum  dlsk  of  considerable  fine- 
flour-of-enterv  or  carhn  cain  or  linen  duck  for  use  with 
with  felt  or  billiard  cloIUn  P°Wder;  a  third  disk  covered 
soap  paste,  and  a  fourth  ”Pon  wbich  is  used  alum  and  castile 
P°lish.  ace  for  the  chamois  skin  and  rouge 

Tbe  polishing  powder* 

means  of  bristle  brushes  tr»  most  conveniently  applied  bv 
P^tes  made  up  with  water  rl  revo,vittS  disks  in’  the  form  of 
ra.tier  dtan  in  greater  nuanttf  6  aPPi'cat'on  should  be  frequent 
sake  of  cleanliness  the ’water  “  U  '0nger  int«r™ls.  For  the 

2  }  °"  the  disks  of  most  L.SUrPP  y  arrai’g«d  to  trickle  con- 

doned  and  ,he  past?s  ‘grinding  machines  should  be  aba„. 

tvater.  .  pPhed  wet  enough  not  to  need  additional 

erallv  necwsfrT  **  “icro-structure  of  • 

not  always  ,!  apPI>’  a«  “etching  I™  °r  Steel  ‘‘  is  ®en' 

of  pip-  eedecb  Fig.  i  js  7  s°lution,  although  this  is 

Ptoces®  ?  35  “  aPPears  attl  ^^graph  of a  section 

•  "°  etCW"g  -ing  beel  dCnPTh0n-  °f  ‘h*  P°“** 

■this  is  styled  polishing 
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Fig.  1.  Pig  Iron  polished  in  relief. 


Fig.  2.  Steel  after  polishing. 
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in  “  relief.”  Fig.  2  is  a  micro-photograph  of  a  piece  of  steel 
before  etching,  and  Fig.  3  is  the  same  piece  after  the  application 
of  a  25-per  cent  solution  of  tincture  of  iodine  in  alcohol  as  an 
“  etch.” 

The  reagents  used  for  etching  iron  and  steel  are  various, 
depending  mainly  on  the  carbon-content  of  the  steel  and  its  heat- 
treatment.  For  mild  and  untreated  steel,  tincture  of  iodine,  full- 
strength,  and  in  a  25-per  cent  solution  in  alcohol,  is  used;  for 
hardened  steels  5-per  cent,  10-per  cent  and  20-per  cent  solutions 
of  nitric  acid  in  alcohol  are  very  satisfactory. 

The  polished  surface  of  the  micro-section  should  be  freed 
from  all  grease  and  dirt  by  washing  in  alcohol  and  carefully 
•dried.  If  the  etching  fluid  is  iodine,  it  is  best  applied  with  the 
tip  of  the  finger  or  a  camel’s-hair  brush,  keeping  finger  or  brush 
lightly  rubbing  over  the  surface  being  etched  and  carefully  watch¬ 
ing  the  process,  to  prevent  too  deep  an  etching.  The  time  neces¬ 
sary  to  etch  properly  a  specimen  cannot  be  definitely  stated,  as 
it  -varies  greatly,  ranging  from  a  few  seconds  to  a  minute,  de- 
I  en  inb  upon  the  nature  of  the  steel  and  the  etching  solution 
employed.  A  beginner  will  find  it  best  to  err  on  the  safe  side  . 

S  °PPmg  1  -le  Process  before  the  etching  is  complete  ;  for  should 
etch“r  show  the  structure  insufficiently  developed,  the 
rut  (Lry  repeated  Un,il  a  desired  »  Obtained.  A 

when  SDecidaCePtl°nS’  course)  *s  t0  stoP  the  action  of  the  etch 
and  before  the appearance  o£  the  specimen  has  just  disappeared 

^t^L,Tn“.dun.  a"d  unifo™'y  gray. 

hold  the  snerimp  the  sectlon  is  sufficiently  etched,  quickly 

moments,  tC^move  all  1  ^  f°r  * 

of  a  few  drops  of  alcohol  a  Tl  °f11moisture  by  the  application 
by  careful  friction  with  ’  ”  f.ma  y  dry  in  a  blast  of  air  or 
or  cotton  cloth.  Ver*  c  ean»  old,  and  washed-out  linen 

Diluted  nitric  a.cid  Jc  a 

hardened  steel.  With  i  USC  &S  &n  e*cbmg  medium  in  case  of 
is  an  increase  in  the  fii  ^Crease  *n  hardness  and  working  there 
develop  which  it  is  besi  <fleSS  tbe  micro-structure  of  steel,  to 
acid.  At  the  same  time  m°re  dilute  sol«tion  of  nitric 

ficult  to  develop,  and  tak  Structures  are  the  more  dif- 

it  is  particularly  true  that  f  mUf 1  sh°rter  time  to  etch ;  hence 
are  more  likely  to  produce  v<dl°rt  aPPhcations  of  the  etch 

e  result  sought  for  than  one  pro- 
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Fig.  i.  Pig  Iron  polished  in  relief. 


Fig.  2.  Steel  after  polishing. 
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relief.”  Fig.  2  is  a  micro-photograph  of  a  piece  of  steel 
before  etching,  and  Fig.  3  is  the  same  piece  after  the  application 
of  a  25-per  cent  solution  of  tincture  of  iodine  in  alcohol  as  an 
“  etch.” 

The  reagents  used  for  etching  iron  and  steel  are  various, 
depending  mainly  on  the  carbon-content  of  the  steel  and  its  heat- 
treatment.  For  mild  and  untreated  steel,  tincture  of  iodine,  full 
strength,  and  in  a  25-per  cent  solution  in  alcohol,  is  used ;  for 
hardened  steels  5-per  cent,  10-per  cent  and  20-per  cent  solutions 
of  nitric  acid  in  alcohol  are  very  satisfactory. 

The  polished  surface  of  the  micro-section  should  be  freed 
from  all  grease  and  dirt  by  washing  in  alcohol  and  carefully 
dried.  If  the  etching  fluid  is  iodine,  it  is  best  applied  with  the 
tip  of  the  finger  or  a  camel’s-hair  brush,  keeping  finger  or  brush 
lightly  rubbing  over  the  surface  being  etched  and  carefully’  watch¬ 
ing  the  process,  to  prevent  too  deep  an  etching.  The  time  neces¬ 
sary  to  etch  properly  a  specimen  cannot  be  definitely  stated,  as 
it  varies  greatly,  ranging  from  a  few  seconds  to  a  minute,  de¬ 
pending  upon  the  nature  of  the  steel  and  the  etching  solution 
employed.  A  beginner  will  find  it  best  to  err  on  the  safe  side 
of  stopping  the  process  before  the  etching  is  complete ;  for  should 
the  examination  show  the  structure  insufficiently  developed,  the 
etching  may  be  repeated  until  a  desired  result  is  obtained.  A 
rule  (with  exceptions,  of  course)  is  to  stop  the  action  of  the  etch 
en  specular  appearance  of  the  specimen  has  just  disappeared 
e  ore  the  surface  becomes  dull  and  uniformly  gray. 
ti  m  fVm^  that  the  section  is  sufficiently^  etched,  quickly 

™L,,e  rimen  Under  a  tap  of  flowing  water  for  a  few 
f  ,  ’  hen  rcmove  aU  traces  of  moisture  by  the  application 

“'“I01'  “«  drv  it  in  a  bias,"  air  or 

t  c"«h!,0n  W'th  ^  *“>  °Id-  tvashed-out  linen 

hardened^ed*™  \V'T  •' S  USed  aS  an  etclling  medium  in  case  of 

isatTntrtai%“:r:finthhardness  and  ^  r 

develop  which  it  is  best  !  I  micro-structure  of  steel,  to 
acid.  At  the  same  time  the  f  ^  dllute  solution  of  nltff 

ficult  to  develop,  and  take  a  mTh  St,rUCtUres  are  the  more  d,f" 
it  is  particularly  tn^  n  f  UCh  shorter  tlr^e  to  etch;  hence 
more  likelv  to  moch  short  aPplications  of  the  etch 

Ce  e  resuit  sought  for  than  one  pro- 


are 
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Steel  heated  to  1 200 


;6 


The  Metallographist 


longed  etching  would.  Examination  between  successive  appli¬ 
cations  shows  how  the  etching  is  progressing. 

To  etch  with  nitric  acid,  pour  a  small  quantity  of  the  proper 
dilution  into  a  suitable  dish,  and,  holding  the  cleaned  micro¬ 
section,  face  down,  with  pincers  or  a  straight  -  nosed  crucible 
tongs,  dip  the  face  to  be  etched  at  least  twice  into  the  etching 
fluid,  immediately  remove  and  let  the  action  continue  with  face 
ot  section  turned  up,  so  that  the  action  may  be  watched.  When 
it  is  complete  (two  seconds  is  often  enough),  hold  in  stream  of 
)vater  and  dry  as  described  before.  If  examination  shows  etch- 

reLf  a  mC,°Tlete  rCpeat  the  Process;  ^  too  deeply  etched, 
repeat  the  polishing.  ' 

peciallyHfor5  ^  temporanIy  mounting  specimens,  es- 

but  none  h  *  ^regular  shape,  are  supplied  bv  dealers, 

one-ha  fC  inch  ‘°U"d  m°re  “"«"*«  —U  one  and 

beeswax  the  °  ^roun^  S*ass  upon  which  is  a  lump  of 

ground  is!  h  ?  "  haZd  necessarily  be 

then  the  ground  surf!!!  is  an  ,de“ification-mark  is  needed,  and 

parallel  72  Surface  is 

iience  W  F?J  g!  t SS  ^  4  ™<:ro,orae  ■  a  great  eon- 
three  inches  in  diameter  3  c-vIindrical  metal  base 

and  one  and  one-half  inch  in  Upnght  three  inches  lligh 

collar  three  inches  high  and  A  c-vIindrical  nut  or 

diameter  screws  on  the  ^  .°ne'half  inches  outside 

chamois  skin  is  placed  d  uPright.  A  small  circle  ot 

protect  the  etched  face  of  tl  6  tOP  °f  the  tIlreaded  upright  to 
tion,  place  it  face  down  me  micr°-section.  To  mount  a  sec- 
uPper  projecting  portion  \  6  cbam°is  skin,  press  upon  the 
place  the  ground  glass  (<rr  ^  -Ump  of  beeswax  and  upon  this 

^  of  collar  2a  cai!"!,  SUrfaCe  d°'™>-  A  few-  revolt- 
e  ge  of  the  collar,  and  the  adt.  ^  glaSS  to  rest  uPon  the  upper 
f  .I-*™-  may  be  ££  and  beeswax  to 

°"n  with  one  hand  while  k-p  -C  °  s^°wly  turning  the  collar 
ta«  with  the  collar-top  ;;  ith  !fmg  !he  gla**  base  in  close  con- 
no  matter  how  irregular  the  sect'6  °l  l°r  ^and'  this  manner, 

obta366  iand  the  glass  base  may100  *  le  paralIelism  of  the  etched 
obtamed.  nra,  very  quicklv  and  be 

The  magnification 

^  in  ordinary.  *  • 

ar-  investigations  ranges 
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Fig.  5.  Same  steel  as  Fig.  4  heated  to  630°  C. 


Fig.  6. 
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from  30  to  100  diameters.  The  micrographs  accompanying  this 
article  are  uniformly  65  diameters.  Photo-micrographs  4  and  5 
are  from  the  same  bar  of  medium  carbon  steel  etched  with  tinc¬ 
ture  of  iodine  for  ten  seconds.  The  difference  in  the  size  of  the 
grains  of  the  two  specimens  is  caused  by  the  degree  of  heat  to 
which  the  two  sections  were  subjected;  4  having  been  heated 
to  1200°  C.  and  5  to  630°  C. 

When  the  examination  shows  that  the  specimen  has  been 
properly  prepared,  the  observer  selects  a  spot  representative  of 
the  micro-section  under  consideration.  Here  the  temptation  arises 
to  take  that  which  is  unusual  rather  than  that  which  is  character¬ 
istic  or  to  photograph  “freaks”  instead  of  normal  structures. 
Unusual  structures  frequently  occur  in  metals  or  alloys  that  have 
been  subjected  to  a  variety  of  treatments  in  the  way  of  reheating 
or  reforging.  Figs.  6  and  7  were  taken  from  the  same  micro¬ 
section  of  steel  within  a  circle  of  less  than  one-half  inch  radius, 


and  show  a  variety  sometimes  found  in  a  single  specimen. 

Arranged  upon  a  well-equipped  optical  bench,  in  the  follow¬ 
ing  order,  are  these  parts  (see  Fig.  8)  :  a  source  of  light,  the 
best  (after  sunlight)  being  an  automatic-feed  arc  lamp  (A),  sur¬ 
rounded  by  a  suitable  case,  with  an  opening  at  one  side,  in  front 
of  which  is  arranged  a  system  of  condensing  lenses  ( B ),  similar 
to  those  used  in  high-grade  projection  lanterns ;  a  cell  filled  with 
a  saturated  solution  of  alum  (C),  to  absorb  the  heat  rays;  a 
double-convex  lens  (D),  to  further  concentrate  the  beam  of  light; 
a  holder  for  color  and  ground-glass  screens  (£)  ;  an  iris  dia¬ 
phragm  and  a  photographic  shutter  (F)  with  pneumatic  release; 
and  probably  another  double  convex  lens  (G),  all  of  which  are 
so  secured  to  the  optical  bench  as  to  be  movable  in  a  horizontal 
irection  or  the  purpose  of  focusing  the  light  on  the  vertical 
ummator.  All  the  members  of  this  system  are  also  adjustable 
vertically,  so  they  may  be  brought  into  alignment  with  the  source 

of  °f  leavmg  the  lens  system  enters  the  body 

in„  of  th'  T  1  nWhOSe  tUbe  is  ^rtical),  through  the  open- 

and  the  mahT  tube.  STertica^r^  ^  <*>}***** 

nlain  plass  H!cU  ft  ertlca  illuminator  contains  either  a 

cha'nges  the  dtcjn 'TL  T  .*  P-m,  which 

dicularly  descending  beam  “f>nta' bea.ra  of  light  to  a  perpen- 
g  Dtam.  The  objective  of  the  microscope 
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acts  still  further  as  a  condenser  and  an  exceedingly  well-illu- 
minated  spot  is  thus  secured  on  an  opaque  body. 

The  camera  used  in  the  photomicrography  of  metals  is  gen¬ 
erally  one  adapted  to  4  X  5  inch  plates,  and  is  so  arranged  that 
it  may  be  swung  out  of  the  observer’s  way  while  an  examination 
is  made.  The  cut  shows  it  in  this  position.  When  the  part  to 


Fig.  7- 

I  H  G  F  E  D  C  B 
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Fig.  8.  Optical  Bench  for  Photo-microscopy  of  metals. 
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be  photographed  is  selected,  the  eye-piece  of  the  microscope  is 
removed,  the  collar  (K)  to  connect  the  microscope  and  the  camera 
is  placed  over  the  end  of  the  tube,  and  the  eye-piece  is  replaced 
within  the  collar.  The  camera  is  swung  into  position  vertically 
over  the  microscope,  the  front  board  of  the  camera  is  lowered 
until  its  collar  telescopes  with  that  on  the  microscope.  The  upper, 
or  ground-glass,  end  of  the  camera  is  moved  up  or  down  until  the 
circle  of  the  projected  image  is  the  size  desired.  The  ground 
glass  of  the  camera  has  cemented  to  its  center  a  large  cover-glass, 
giving  a  clear-glass  spot  in  the  middle  of  the  image.  The  final 
focusing  for  sharpness  and  clearness  of  the  micro-image  is  done 
with  a  focusing  eye-piece  (/)  set  omthe  clear  spot  in  the  ground 
glass,  and  is  obtained  by  the  use  of  the  slow-motion  screw  of 
the  microscope. 

Slow  isoehromatic  plates  have  proven  the  most  satisfactory’ 
for  all-around  use,  as  they  give  the  color  values  without  the  use 
of  a  color  screen,  thus  avoiding  long  exposures,  with  their  at¬ 
tendant  ills,  vibration  of  the  optical  bench  and  irregularity  in 
illumination. 


W  ith  an  electric  arc  light  of  about  2000  candle  power,  a 
system  of  good  condensers,  a  prism  reflector,  and  using  a  mag- 
iication  of  65  diameters,  an  exposure  need  not  be  longer  than 
seconds.  Developed  with  ordinarv  pyro  developer,  a 
negative  giving  good,  contrasty  prints  should  be  obtained.  A 
gossy  paper  should  be  used  to  reproduce  a  micro-negative, 
coated  « eSi:ed  t0  Preserve  die  micro-section  it  should  be 
a  bell  iar  1  S°  Utl°n  °/  Paraffin  in  benzole  and  placed  under 
calcium  rlil  Vd  ^  air't^lt  case  containing  a  vessel  filled  with 
To  ht  of  °r  °,ther  h^r0sc0Pic  substance, 
the  history  complete  record  should  be  kept  of 

position,  its  treatment  with  Tegatd  ^  T 

results  of  the  physical  t  S  to  heating  and  forging,  the 

Ployed,  thC  etChi"S  S0luti°”  em" 

lated  facts  that  may  be  considered"  a"y  °ther  ^ 

should  be  taken  clearly  to  state  the°i  Spedal  Pal"S 

in  the  original  piece  of  metal  and  ?  7"  °f  the  micro'sect,on 
graphed  is  longitudinal  or  tn  !  W  lether  the  surface  photo- 

lished,  which  make  possible  the^o^V  Card  indeX  files  are  pub' 
photograph  with  all  of  the  data  ™  matlCm  of  the  mounted  micro- 
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A  New  Tilting  Stage.  —  The  tilting  stage  devised  by  Prof. 
A.  K.  Huntington,  and  which  was  mentioned  in  the  last  issue  of 
The  Metallographist  (page  341),  is  clearly  shown  in  the  accom¬ 
panying  illustration.  It  consists  of  a  pair  of  brass  plates  with 
two  circular  openings.  If  the  microscope  has  a  stage  which  can 
be  racked  up  and  down,  the  end  of  the  stem  attached  to  the  ball 
can  very  readily  be  brought  down  against  a  roughened  plate,  and 
the  movements  of  the  mechanical  stage  then  used  for  levelling 
the  object.  On  the  upper  portion  of  this  ball  is  attached  a  small 
stage  to  take  the  specimen  mounted  roughly  on  a  one-inch  glass 
plate,  and  from  the  lower  portion  of 
which  projects  a  long  rod,  by  which 
the  specimen  is  orientated.  A  clamp 
screw  to  adjust  the  pressure  on  the 
ball  is  provided.  The  tilting  stage  is 
placed  on  the  microscope  stage,  and  the 
specimen  having  been  mounted  roughly 
on  glass  plate  one  inch  wide  and  placed 
in  the  holder,  may  be  adjusted  till  the 
surface  to  be  examined  is  exactly  at 
right  angles  to  the  optic  axis.  Where 
the  microscope  upon  which  it  is  used 
has  a  mechanical  stage,  an  adjustable 
plate  may  be  placed  at  the  lower  portion 
°f  the  microscope,  so  that  it  may  be 
forced  against  the  lower  end  of  the  long  rod,  thus  temporary  \ 
fixing  it.  When  this  is  done,  the  ordinary  movements  of  the 
Mechanical  stage  form  a  fine  adjustment  for  levelling  the  o  Jec 
When  the  object  is  levelled,  the  plate  which  holds  the  rod  at¬ 
tached  to  the  ball  may  be  released,  and  the  mechanica  stag 
Movements '  used  in  the  usual  manner  for  moving  the  o  >ject. 

.  Recent  Publications.  —  The  Analysis  of  Steel-Works  Mate- 

a  s>  by  Harry  Brearley  and  Fred  Ibbotson.  5°°  Pa^c^‘ 
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lished  by  Longmans,  Green  &  Co.,  London.  -  The  book  is  divided 
into  thirteen  parts.  Part  I  deals  with  the  analysis  of  steel,  and 
includes  the' determination  of  carbon,  silicon,  manganese,  sulphur, 
phosphorus,  chromium,  nickel,  tungsten,  molybdenum,  vanadium, 
titanium,  aluminum,  copper,  arsenic,  iron  and  some  minor  con¬ 
stituents.  Part  II  is  devoted  to  the  analysis  of  pig  iron,  and 
Part  III  to  the  analysis  of  steel-making  alloys,  including  the 
analysis  of  iron  alloys  containing  silicon,  manganese,  chromium, 
nickel,  tungsten,  molybdenum,  vanadium,  titanium,  aluminum 
and  boron,  "in  Part  IV  some  rapid  furnace  analyses  are  described. 
Part  V  is  devoted  to  the  analysis  of  ores ;  Part  VI,  to  the  anal¬ 
ysis  of  refractory  materials;  Part  VII,  to  the  analysis  of  slags; 
Part  VIII,  to  that  of  fuel;  Part  IX,  to  the  analysis  of  boiler 
water,  boiler  scale,  etc.,  and  Part  X,  to  the  analysis  of  engineer¬ 
ing  alloys.  Part  XI  is  devoted  to  the  micrographic  analysis  of 
steel;  Part  XII,  to  pyrometry,  while  in  Part  XIII  some  miscel¬ 
laneous  notes  are  collected. 

It  was  not  the  author’s  intention  to  be  exhaustive  in  their 
description  of  the  methods  used  for  the  analysis  of  steel-works 
materials,  but  on  the  contrary,  to  confine  their  attention  to  those 
methods  which,  in  their  opinions,  are  the  most  accurate  and  ex¬ 
pedient.  For  the  analysis  of  sulphur  in  steel,  for  instance,  they 
describe  only  the  classical  gravimetric  method  and  one  evolution 
method,  ignoring  the  many  other  volumetric  methods  used  in 
steel-works.  This  plan  is  followed  in  describing  the  determina¬ 
tion  of  every  element.  Many  methods,  therefore,  which  are  ex- 
tensiv  el\  used  by  American  chemists  are  not  described  in  the 
book,  if  mentioned  at  all.  Twentv  pages  are  devoted  to  the  micro¬ 
graphic  analysis  of  steel.  The  authors  write  as  follows:  “  It  is 
now  recognized  that  a  steel  may  actually  break  down  in  use,  even 
although  its  chemical  analysis  and  mechanical  tests  are  perfectly 
satisfactory  so  that  in  such  cases  the  microscopic  method  of  ex¬ 
amination  ecomes  a  most  invaluable  accessorv.  At  the  same 
time  it  is  perhaps  advisable  to  point  out  that  the  indications  of 

ofXmkS  n0t  be  aCCepted  as  finali  complete  knowledge 

be  correlate^riStlMUlC|n’  mec,lanicaI  tests  and  heat  treatment,  must 
microscopifcallv'’’1  °f, the  ultimate  structure  as  revealed 

examinations  of  the  samples  ifth^  ^n  ^  preparationS  ^ 
the  Sheffield  Universitv^olW  *  me,talloSraPhlc  laboratory  ot 

.  College  are  described  to  the  exclusion 
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of  other  methods.  The  authors  espouse  Prof.  J.  O.  Arnold’s 
views  on  metallography,  and  treat  the  subject  accordingly.  Draw¬ 
ings  and  photo-micrographs  of  wrought  iron  and  of  various  grades 
of  steel,  forged,  cast,  annealed  and  hardened,  are  reproduced  and 
described.  The  chapter  on  pyrometry  is  confined  to  a  descrip¬ 
tion  of  the  Le  Chatelier  thermo-electric  pyrometer. 

A  most  exhaustive  bibliography  of  steel-works  analysis,  com¬ 
piled  by  Harry  Brearley,  is  appended  to  the  book,  and  should 
prove  of  much  value  and  interest  to  chemists.  It  fills  no  less 
than  135  pages  and  includes  1858  titles  of  articles  accompanied 
by  short  outlines  of  the  subject  treated.  The  labor  of  preparing 
such  admirable  bibliography  must  have  been  very  great,  and  the 
author  is  entitled  to  the  gratitude  of  all  those  interested  in  the 
analysis  of  steel-works  materials. 

The  typography,  illustrations,  paper  and  general  getting  up 
of  the  book  are  excellent.  On  the  whole,  this  work  should  be 
of  considerable  value  and  interest  to  the  chemist. 

Assaying  and  Metallurgical  Analysis,  by  E.  L.  Rhead  and 
A.  Humboldt  Sexton.  431  pages.  Published  by  Longmans, 
Green  &  Co.,  London.  —  The  purpose  of  this  book  and  the  treat¬ 
ment  of  the  subject  which  it  covers  are  described  by  the  authors 
m  a  preface  which  we  reproduce  in  part :  “  The  object  which 
the  authors  had  in  view  in  writing  the  present  work  was  to 
provide  the  student,  chemist,  or  assayer  with  a  handbook  suf¬ 
ficiently  comprehensive  to  include  the  greater  part  of  the  work 
likely  to  be  required  in  the  laboratory  or  assay  office.  Most  of 
tbe  approved  methods  in  general  use  are  included ;  but  it  would 
be  impossible,  even  if  advisable,  to  include  all  the  variations  which 
have  been  suggested  by  competent  workers. 

“  The  direction  for  work  and  the  description  of  processes 
have  been  made  as  concise  as  possible,  to  reduce  the  size  of  the 
book ;  but  by  the  inclusion  of  the  chemical  reactions  of  the  metal 
H  lias  been  sought  to  make  the  reasons  for  the  procedure  clear,  and 
where  it  was  thought  necessary,  chemical  explanations  have  been 
shen  at  greater  length.  Care  has  been  taken  to  make  the  methods 
°f  calculation  clear,  using  for  the  most  part  the  approximations 
of  the  atomic  weights  commonly  employed.  In  a  few  instances 
|  Sections  are  given  for  conducting  experiments  to  ascertain  the 
un'l  of  treatment  suitable  for  a  given  ore,  and  the  examination 

works,  products  and  solutions  has  also  been  described. 
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“  Part  I  is  devoted  to  laboratory  appliances  and  general  pro¬ 
cesses,  useful  hints  rather  than  full  description  being  given 
“  In  Part  II  the  general  plan  followed  has  been  to  consider 
under  the  name  of  each  metal,  (i)  the  materials  and  products 
in  which  its  estimation  is  commonly  required,  giving  a  brief 
description  of  their  characters  so  as  to  make  their  identification 
easy;  (2)  the  dry  tests  for,  and  important  chemical  reactions  of 
the  metal,  with,  in  some  cases,  special  instructions  for  the  detec¬ 
tion  of  small  quantities ;  (3)  the  methods  of  conducting  the  dry 
assay  by  fusion  or  otherwise,  followed  by  application  to  special 
materials  where  modifications  are  necessary;  (4)  methods  of 
dissolving  substances  and  preparing  solutions  for  the  determina¬ 
tion  of  the  metal;  (5)  methods  for  the  gravimetric,  volumetric, 
an  calorimetiic  determination,  with  the  precautions  necessary. 

n  I  art  III  metallurgical  analysis  —  an  attempt  has  been 
mace  to  group  the  very  various  substances  to  be  dealt  with  in  a 
compact  manner,  and,  by  cross-references  inserted  in  the  text,  to, 
1^1 3S  possd:de>  avoid  repetition.  The  use  of  all  specially 
firm  f  nJeasimilS  aPParatus  has  been  avoided,  and  the  prcpara- 
assav  baS  h”  ar  a,U'  ot*ler  solutions  required  for  a  particular 
Thk  1  ^i'1  .incorporated  with  the  description  of  the  method.” 

on  the  a  1  ^  “  llndoubtedly  a  valuable  addition  t6  our  literature 
the  analysis  of  metallurgical  products. 

mention  was  mde’ofT recent^ 7  ^  M.etMoSraPhist  (p'  34') 
pluyed  an  important  part  T1  111  wlllch  metallography 

that  the  judgment  was  “r  ,1r°U^b  a  clencal  error  it  was  stated 
“reserved.”  The  in  1  eversed, ’  while  it  should  have  read 

technical  points  involv^dThe^^  bee"  rendered>  and  011  the 
fendants-,  stating  that  tlm  f  -i  JUC  ge  decided  in  favor  of  the  de- 
ness  of  the  design  ami  ,  T  ^  °f  the  rod  was  due  to  the  wcak' 
however,  won  the  case  on  !°  d?fecfive  material.  The  plaintiffs, 
of  the  insurance  policy  ^  aidsmg  out  of  the  wording 

On  page  268  of  the  rw  1 

81ide  No.  5  should  read  Slid  \r  Cr'  I^°2’  *ssue  of  this  journal, 
was  magnified  58  diametmc  *  °,  4’  and  v*ce  versa-  Slide  No.  5 
285,  Slide  No.  33  represents  77  "7  85’  aS  indicated-  On  page 

Sp,egeieisen>  and  not  silicospiegel. 
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THE  CONSTITUTION  AND  THERMAL  TREATMENT 

OF  STEEL 

By  H.  M.  HOWE 

Reprinted,  by  permission  of  the  publishers,  from  the  article  on  “Iron 
and  Steel,”  by  Professor  H.  M.  Howe,  in  the  new  volumes  of  the  Encyclopadta 
Britannic  a,  copyright  1902  by  the  Encyclopaedia  Britannica  Company. 

Constitution.  —  The  great  advance  which  has  taken  place 
in  our  knowledge  of  the  constitution  of  steel  and  the  other  \  arieties 
of  iron  has  shown  that  they  resemble  very  closely  the  igneous  and 
metamorphic  rocks;  i.e.,  exactly  those  which,  like  the  different 
varieties  of  iron,  have  formed  from  the  cooling  of  molten  or  at 
least  pasty  masses.  Just  as  a  granite  on  close  examination  is  seen 
to  consist  of  an  aggregation  of  crystalline  fragments  o  mica, 
quartz  and  feldspar,  each  of  which  is  a  perfectly  definite  c  emica 
compound,  with  definite  crystalline  form  and  definite  piysica 
properties  in  general  so  the  microscope  shows  us  that  a  give 
piece  of  steel  or  iron  usually  consists  of  extremely  minute  cr^s 
talline  particles  of  two  or  more  substances,  each  o  w  uc  i  . 
definite  entitv,  with  definite  #  chemical  composition  an  (  e  ini  e 
physical  properties,  but  besides  the  granitic  type  certain  va 
°f  iron  seem  to  represent  the  obsidian  type.  In  t  us,  as  111  a<?U*" 
solutions,  the  ratios  in  which  the  different  chemical  s“bs,a"ce  • 
the  silica,  lime,  etc.,  exist  are  not  fixed  or.  definite!  they  vary 
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from  case  to  case;  not  per  saltmn,  as  between  definite  chemical 
compounds,  but  by  infinitesimal  gradations.  The  different  sub¬ 
stances  present  appear  to  be  'dissolved  as  it  were  in  each  other  in 
a  sort  of  solid  solution  which  presents  the  indefiniteness  of 
composition,  the  incapacity  of  being  resolved  by  any  magnifi¬ 
cation  of  the  microscope,  and  the  feeble  chemical  attractions 
between  the  different  components,  characteristic  of  a  solution. 
The  schistose  structure  of  rock  masses,  their  columnar  or  basaltic 
structure  arranged  in  columns  perpendicular  to  the  cooling  sur¬ 
face,  their  “  vugs  ”  or  cavities  lined  with  specimens  of  free  crystals, 
their  segregation,  etc.,  are  reproduced  in  a  most  interesting  way  in 
metallic  masses. 

Of  these  different  microscopic  entities  which  constitute  the 
different  varieties  of  iron,  only  the  following  here  need  consid¬ 
eration  :  — 


1.  Ferrite,  the  name  assigned  to  the  microscopic  particles  of 
nearly  —  perhaps  perfectly  —  pure  metallic  iron.  It  is  very  soft 
and  ductile. 

2.  Cementite,  a  definite  carbide  of  iron,  Fe3C  very  brittle, 
harder  than  hardened  steel,  scratching  glass  and  feldspar,  but  not 
quartz  (H  =  6),  and  present  in  proportions  which,  in  a  general 
way  increase  with  the  proportion  of  carbon  present.  It  is  the 
substance  to  which  chilled  cast  iron  usually  owes  its  hardness  and 
brittleness. 


3.  Pearlite.  Slowly  cooled  steels  in  general  consist  essen¬ 
tially  of  a  mixture  of  ferrite  and  cementite,  in  proportions  corre¬ 
sponding  to  the  carbon-content  of  the  mass,  as  a  whole.  But 
these  two  substances  habitually  interstratify  as  a  “  eutectic  ”* 
conglomerate  called  pearlite  in  the  ratio  of  about  seven  parts  of 
ite  to  one  of  cementite,  hence  containing  about  0.90  per  cent 
Carb°n-  Steels  lining  either  more  or  less  carbon  than  0.90 


/  WllOl  1 


the  e 
It 


mothe^Ucuo^of  part  of  an  all°y  a"d  corresponds  to  w 

- T;  “ih  a  - . 

the  mother-liquor  of  “  Bittern  ”  fro  i  ****  *!"*  y  comPletely  fr ozen •  !t 
for  given  metals  alloyed  together  its  co  **  Stnk'ng  characertistics  are:  (1)  tl 
the  proportions  in  which  ?  P°*,t,°n  is  fixed,  and  does  not  vary  w 

before  the  eute«ic  2  t  “  h' ^  P^ent,  the  “  excess-metal  ”  freezi 
simple  atomic  proportions;  (3)  thatWfre  “S  comPosition  is  not 

it  consists  of  interstratified  lavers  of  .k  lng  point  ls  constant;  and  (4)  tl 
and  Fusion.  yerS  °f  the  metals  which  compose  it.  See  Aik 
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per  cent,  that  is,  an  excess  of  cementite  or  ferrite  over  the  eutectic 
ratio  of  7 :  i  are  a  conglomerate  of  pearlite  plus  this  excess.  They 
are  called  hyper-eutectic  or  hvpo-eutectic  according  as  this  excess 
is  cementite  or  ferrite. ;  i.e.,  according  as  their  carbon-content 
is  above  or  below  the  0.90  per  cent,  which  the  eutectic  itself  con¬ 
tains. 

4.  Martensite,  the  characteristic  and  chief  constituent  of 
hardened  steel  is  a  hard  brittle  mass  with  a  needle-like  structure 
consisting  of  iron  containing  carbon  in  proportions  which  vary 
from  nothing  up  to  about  2  per  cent.  As  it  has  not  yet  been  re¬ 
solved  by  the  microscope  into  different  components,  we  regard  it 
provisionally  as  a  “  solid  solution  ”  the  ultimate  constituents  of 
which  are  iron  and  carbon ;  as  to  the  nature  of  its  proximate 
constituents  we  can,  as  yet,  only  speculate.  When  it  contains 
0.90  per  cent  of  carbon  and  thus  corresponds  in  ultimate  compo¬ 
sition  to  pearlite,  it  is  called  hardenite. 

5-  Graphite,  a  characteristic  component  of  “  gray  cast  iron  ’ 
of  which  it  usually  forms  from  2.50  to  3.50  per  cent.  It  is  nearly 
pure  carbon  in  very  thin  laminated  plates  or  flakes,  often  curved. 
In  gray  cast  iron  these  flakes  form  a  nearly  continuous  skeleton ; 
and  as  they  readily  split  open  when  a  piece  of  this  iron  is  broken, 
rupture  passes  through  them  with  the  result  that  even  though 
the  graphite  may  form  only  some  3  per  cent  of  the  mass  by 
weight  (say  10  per  cent  by  volume)  practically  nothing  but 
graphite  is  seen  in  the  fracture,  hence  the  weakness  and  the  dark 
gray  fracture  of  “  gray  cast  iron,”  and  hence  by  brushing  this 
fracture  with  a  wire  brush  and  so  detaching  these  loosely  ad- 
herent  flakes  of  graphite,  the  color  can  be  changed  nearly  to  the 
Ver.v  light  gray  of  pure  iron. 

6.  Slag,  the  characteristic  component  of  wrought  iron,  in 
which  it  is  usually  present  to  the  extent  of  0.20  to  2  per  cent,  is 
essentially  a  silicate  of  iron,  and  is  present  in  wrought  iron 
simply  because  this  product  is  made  by  welding  together  pasty 
granules  of  iron  in  a  bath  of  such  slag,  without  ever  melting  the 
_esultant  mass  or  otherwise  giving  the  envelopes  of  slag  tius 
^Prisoned  a  chance  to  escape  completely". 

7 ■  Austentite,  troostite,  sorbite,  and  other  constituents 
3180  been  described. 

.  .  f  'g-  1  shows  how  the  occurrence  of  these  constitue 

ries  b°th  with  the  temperature  and  with  the  proportion  o 
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bon  present;  the  Roman  letters  indicate  the  constituents  normal 
and  stable  in  each  of  the  many  fields  into  which  it  is  divided. 
Before  considering  this  diagram  we  must  recognize  the  further 
complication  in  the  constitution  of  iron,  due  to  its  having  at  least 
three  distinct  allotropic  modifications,  Alpha,  Beta,  and  Gamma, 
each  corresponding  to  a  distinct  range  of  temperature. 


2 

1,400 

K9  of 

A 

000 

Th 

freezi 

1# 

,nt c 

r‘ 

1200 

Mart 

'.nsite  c 

ontinuc 

nr - 

,l,n 

KW 

JX 

The 

UOO 

§LOOO 

d 

The  Mi 

V 

\rtcnsit 

etorapn 

Vjrforn 

iraohfle 

at/on  ot 
’ ontmn 

■ 

•{ 

Lot 

rtclic  ht 

re  free i 

as 

u 

h 

i 

V 

marte 

NSITE 

*  GRA1 

3HITE 

* 

S  90Q 

« 

z* 

IU 

0 

DC. 

& 

S‘TH 

Cemer 

tite  he 

re  forr 

is 

■  • 

t:4rj 

© 

°80C 

k  70c 

is>Jr  /" 
© 

soc 

© 

soc 

40C 

M 

K’ 

C  „ 

I  ^ 

3 

$/  Cerrct 

/  COntm 

tile 

/e  to  for 

m 

K 

X 

[marte  r 

CEMEHT 

CRAPHI 

<SITE 

riTE 

TE 

k 

IPOh 

K'u 

$ 

vaf 

(/  pa  a, 

‘lenstte 

ts  here 

rcsot\ 

ed  mtc 

the  L 

1 

utectic 

Pearh 

_ 

P 

> 

Ar? 

• 

1 

>_J 

) 

>EAF 

cxWE 

LITE 

RRITE 

iu; 

- — h4 — 

PE 
*  Cl 

INE 

PEARL 

kCEMEf] 

ITE 

ITITE 

— 

'GRAPH 

1ITE 

^OC 

20C 

) 

QC 

<C 

> - 

cl! 

VY 

2  - ' 

A 

m 

Fig.  i. 


■  .  \  ,  *r°n  *s  ^le  weak-  ductile,  magnetic  variety,  stable 
bon 'steel*  ^  l>  C  iaraCteHstic  of  wrought  iron  and  of  low  ear¬ 
th  rarl  carkon~cont:ent  of  this  diagram  refers  only  to 

the  carbon  actually  combined  with  the  iron  and  excludes  that 

which  is  present  as  graphite  This  maw  ,  ,  . 

t-  •  ,  1  '  ims  ma>  he  regarded  as  a  foreign 

body,  i  or  instance,  a  trrav  \rr\n  *.  •  •  r 

’  b»«i\  cast  iron  containing  3.50  per  cent  ot 
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carbon  of  which  3  per  cent  is  graphite  and  only  0.50  per  cent  com¬ 
bined,  may  be  looked  upon  as  in  effect  a  hypo-eutectic  steel, 
approximately  rail  steel,  containing  0.50  per  cent  of  carbon,  but 
contaminated  with  3  per  cent  of  graphite  as  a  foreign  body. 

10.  .Seta-iron  is  the  non -magnetic  variety  stable  between  A2 
and  A„  probably  very  hard  and  brittle  and  probably  character¬ 
istic  of  certain  self-hardening  steels,  such  as  manganese  steel 
containing  7  per  cent  of  manganese  and  of  normal  or  “  carbon  ” 
steel  when  hardened  by  sudden  cooling. 

Gamma- iron  is  the  non-magnetic  variety  stable  above  A3 
characteristic  of  nickel  and  twelve  per  cent  manganese  steels  and 
probably  relatively  hard  but  ductile. 

In  Fig.  1,  AB  and  BD  represent  the  freezing  point  of  iron 
for  different  proportions  of  carbon  and  the  lines  below  these,  aBc, 
GOS,  SE,  MO,  and  PSP  represent  spontaneous  retardations 
which  occur  during  the  undisturbed  further  slow  cooling,  show¬ 
ing  that  at  these  several  lines  heat  is  evolved  within  the  metal 
and  hence  that  some  molecular  rearrangement  occurs.  Each  of 
the  tripartite  groups  of  lines,  (1)  AB,  BD,  aBc  and  (2)  GOS, 
SE,  PSP,  is  of  the  family  of  curves  of  the  solidification  of 
those  solutions  which  in  freezing  break  up  to  form  a  mechanical 
mixture  of  (a)  a  eutectic  and  (b)  the  component  of  that  eutectic 
which  is  in  excess  over  the  eutectic  ratio.  The  natural  inference 
that  these  two  groups  here  represent  analogous  occurrences  is 
thus  far  well  supported  by  the  evidence. 

To  illustrate  the  meaning  of  the  diagram  let  us  follow  by 
means  of  the  ordinate  QUIV  the  undisturbed  slow  cooling  from 
the  molten  state  of  a  hyper-eutectic  steel  containing  1  per  cent 
°f  carbon.  When  the  gradually  falling  temperature  reaches 
j46o  C.  (Q)  the  mass  as  a  whole  freezes  gradually,  forming 
martensite,  apparently  simply  a  solidified  solution  of  carbon  in 
Gamma-iron,  which,  however,  preserves  the  essential  character- 
'stics  of  a  solution.  The  heat  evolved  during  solidification  re- 
tards  the  fall  of  temperature:  after  this  the  rate  of  cooling  remains 
regular  until  T  (850°)  on  the  line  STE  (A rs)  is  reached,  when  a 
Sec°nd  retardation  occurs  due  to  the  heat  liberated  by  the  pas 
SaRc  within  the  pasty  mass  of  part  of  iron  and  carbon  from  a 
state  of  mere  solution  to  that  of  definite  combination  in  t  e 
a* '°  b e3C  forming  microscopic  particles  of  cementite  whi  e  tie 
remainder  of  the  carbon  and  iron  continue  dissolved  m  eac 
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other  as  martensite.  This  formation  of  cementite  continues  as 
the  temperature  falls,  till  at  about  690°  C.  (U,  called  A rM)  so 
much  of  the  carbon  (in  this  case  about  0.10  per  cent)  and  of 
the  iron  have  united  in  the  ratio  of  cementite,  that  the  composi¬ 
tion  of  the  remaining  solid  solution  or  “  mother-metal  ”  of  mar¬ 
tensite  has  reached  that  of  hardenite,  i.e.,  it  now  contains  0.90 
per  cent  of  carbon.  As  the  temperature  now  falls  past  690°  this 
hardenite  mother-metal  in  turn  splits  up  after  the  fashion  of 
eutectics,  into  alternate  layers  of  ferrite  and  cementite  grouped 
together  as  pearlite,  so  that  the  mass  as  a  whole  now  becomes  a 
mixture  of  pearlite  with  cementite.  The  iron  thus  liberated  as 
the  ferrite  of  this  pearlite,  changes  simultaneously  to  Alpha- 
ferrite.  The  passage  of  this  large  quantity  of  carbon  and  iron, 
0.90  per  cent  of  the  former  and  12.60  of  the  latter,  from  a  state 
of  mere  solution  as  hardenite  to  one  of  definite  chemical  union 
as  cementite,  together  with  the  passage  of  the  iron  itself  from 
the  Gamma-state  to  the  Alpha- state,  evolves  so  much  heat  as 
actually  to  heat  the  mass  up  so  that  it  brightens  in  a  striking 
manner.  This  phenomenon  is  called  “  recalescence.”  The  change 
from  martensite  to  ferrite  and  cementite  is  accompanied  by  the 
loss  of  the  hardening  power,  as  will  be  explained  shortly. 

o  take  a  second  case,  molten  hypo-eutectic  steel  of  0.20 
per  cent  of  carbon  on  freezing  at  K  passes  to  the  state  of  mar¬ 
tensite,  Gamma-iron  with  this  0.20  per  cent  of  carbon  dissolved 
1  •  tS  urt^er  cooling  undergoes  three  spontaneous  retar- 

imnT’iT  18  a\f.  (A,'s)  at  about  820°  C.,  at  which  part  of  the 
ferr^  ^  ^  seParate  crystals  within  the  solid  solution 

the  Beta -st  T*  0”*  cr-  stab|z*n&  passes  from  the  Gamma- state  to 

At  the  second 'retardatbiTlC"0?1^  f  ^  f.6?  allotroPic  modification, 
this  ferric  x  (Ar,) ,  which  occurs  at  about  770  C-, 

that  the  metaM*^  l°  ^  norma^  and  magnetic  Alpha- state,  so 

of  ferrite  within  1?C°meS  magnetlc;  Moreover  the  crystallization 

690  degrees  or  Ar  martensite  which  began  at  A r8,  continues  until 

separated  out  that*  the^0  ^  b'V  whlch  time  so  much  iron  has 

composition  of  hardenit m°ther:metal  has  reached  thC 
bon.  Ag-ain  a<?  t  now  contains  0.90  per  cent  of  car- 

mother-metal  splits  up'imo  ^  falIs  past  Ari’this  bardenite 
as  pearlite,  with  simuHa  ,  ementite  and  ferrite  grouped  together 
state  and  with  the  result .neous  change  of  this  ferrite  to  the  Alpha- 
•he  resulting  recalescence.  All  these  phenomena  are 
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parallel  with  those  of  i  per  cent  carbon  steel  at  this  same  critical 
point,  A rx.  As  such  steel  cools  slowly  past  A r3,  A r2,  and  A rlt  it 
loses  its  hardening  power  progressively.  In  short  from  Ar3  to  A rx 
the  excess  substance,  ferrite  or  cementite,  hypo-  and  hyper-eutectic 
steels  respectively,  progressively  crystallizes  out  within  the  mar¬ 
tensite  mother-metal  which  thus  progressively  approaches  the  com¬ 
position  of  hardenite,  reaching  it  at  A rlt  and  there  splitting  up  into 
ferrite  and  cementite  interstratified  as  pearlite.  Further,  any  ferrite 
liberated  at  Ars  changes  there  from  Gamma  to  Beta,  and  any 
present  at  A r2  changes  from  Beta  to  Alpha.  Between  O  and  S, 
A r3  and  Ar2  occur  together,  as  do  Ar,  and  A rx  between  5  and 
F  and  Ar,  and  Ar,  and  A rx  at  5  itself ;  so  that  these  critical  points 
in  these  special  cases  are  called  A r3_2,  Ar.M  and  Ar3_2_x  respect¬ 
ively.  The  corresponding  critical  points  which  occur  during  rise 
of  temperature,  with  the  reverse  transformations,  are  called  A cu 
Ac,,  Ac3,  etc.  A  (Chemoff)  being  their  generic  name,  r  referring 
to  falling  temperature  ( refrotdissant ),  and  c  to  rising  tempera¬ 
ture  ( chauffant ,  Osmond). 

To  take  a  third  case,  that  of  hvper-eutectic  steel  containing 
2.50  per  cent  of  carbon,  and  thus  approaching  the  limits  of  cast 
iron :  since  some  2  per  cent  of  carbon  suffices  to  saturate  solid 
Gamma-iron,  the  martensite  which  progressively  freezes  out  as  the 
temperature  sinks  below  V,  tends  to  reject,  and  thus  to  leave  in  the 
still  molten  matrix  of  entangled  mother-metal,  all  carbon  in  excess 
of  this  quantity.  This  progressive  separation  of  martensite  with 
consequent  enrichment  of  the  mother-metal  in  carbon,  continues 
with  further  fall  of  temperature  until,  when  11250  C.  (V'  on  aBc) 
has  been  reached,  the  carbon-content  of  the  mother-metal  has 
reached  4.30  per  cent,  which  is  that  of  the  martensite  plus  grap  lite, 
eutectic.  As  the  temperature  now  sinks  past  aBc,  this  mother- 
metal  in  turn  freezes  as  a  whole,  splitting  up  into  the  eutectic 
conglomerate  of  martensite  plus  graphite,  and,  as  in  the  other  cases, 
the  heat  thus  liberated  retards  the  cooling.  When  the  temperature 
falls  to  1,000  degrees,  part  of  the  graphite  alreadv  forme  unites 
with  part  of  the  iron  of  the  martensite  to  form  cementite ;  so  that 
between  V"  and  V'"  the  mass  is  a  conglomerate  of  martensite, 
cementite  and  graphite.  On  reaching  Arx  at  I  ,  this  martensite 
(now  become  hardenite)  as  usual  splits  up  into  pear  ite  an  tie 
mass  now  becomes  a  conglomerate  of  pearlite,  cementite,  an 
graphite,  and  remains  so  after  cooling  is  complete. 
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As  we  pass  to  cases  with  higher  and  higher  carbon-content, 
the  martensite  which  begins  freezing  on  cooling  past  the  line  AB 
forms  a  smaller  and  smaller  proportion  of  the  whole,  and  the 
martensite-graphite  eutectic  which  forms  at  the  second  freezing 
point,  aB ,  increases  in  amount  until,  when  the  carbon-content 
reaches  4.30  per  cent  there  is  but  a  single  freezing  point,  and  the 
whole  mass,  when  solid  is  made  up  of  this  eutectic.  If  there  be 
more  than  4.30  per  cent  of  carbon,  then  not  martensite  but  graphite 
solidified  between  BD  and  Be ,  but,  as  before,  the  martensite- 
graphite  eutectic  freezes  at  the  lower  freezing  point  Be.  But  in 
either  case  the  changes  occur  at  EF  and  PSP',  which  have  been 
described  by  hyper-eutectic  steel  of  2.50  per  cent  of  carbon. 

Just  as  the  presence  of  carbon  shifts  the  position  of  the  freez¬ 
ing  point  and  of  the  various  critical  points,  so  does  that  of  other  ele¬ 
ments,  notably  silicon,  phosphorus,  manganese,  chromium,  nickel, 
and  tungsten.  Nickel  and  manganese  lower  these  critical  points, 
so  that,  with  25  per  cent  of  nickel  or  with  13  per  cent  of  manganese, 
Ar3  lies  below  the  common  temperature  of  twenty  degrees  C. 
These  steels  then  normally  consist  of  Gamma-iron,  modified  by  the 
large  amount  of  nickel  or  manganese  with  which  it  is  alloyed. 
The}  naturally  are  non-magnetic,  or  very  feeblv  magnetic.  But 
“le  critical  points  of  such  nickel  steel,  though  thus  depressed,  are 
not  destro\ed;  and  if  it  be  cooled  in  liquid  air  below  its  Ar...  it 
passes  to  the  Alpha  state  and  becomes  magnetic. 

Thermal  Treatment.  —  The  hardening,  tempering,  and 

annea  mg  of  steel,  the  chilling  and  annealing  of  cast  iron,  and  the 

annealing  of  malleable  cast  iron,  are  readily  explained  by  the  facts 

'  *  SCt  Sudden  cooling  hardens  and  embrittles  steel  and 

ec^use/t  retains  the  high-temperature  martensite  state, 

whirh  1 1  6  tlm,e  nee(je<^  tor  these  successive  transformations 

with  ferrit  °"  C°° 7"^’  ^na%  yield  a  mixture  of  pearlite,  either 

eranhite-  in  th  "'u  c^mentlte  alone,  or  with  cementite  and 
graphite ,  in  the  cold  these  . 

thanks  ,o  molecular  rigidity  or  mher  0"^"0'  '  P  Ti 

metal  is  hard  and  brittle  because  the  T  T  "  suddenly  COok<J 

tains  is  hard  and  brink  The  T  W  martens,te  'vhlch  11  con; 

undergoes  increases  with  i,I  carbon^  hardenine  "hich  SKcI 

the  hardness  of  martensite  increas^irr* :  l  (l) 

(2)  because  during  sudden  coohm,  °"'n  Carb°"  content’  °r 

brake,  impedes  the  chance  from  8  Presence  of  carbon,  like  a 

martensite  to  pearlite  with  ferrite 
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or  cementite,  thus  leading  to  a  more  complete  retention  of  the 
martensite,  or  of  the  intermediate  Beta- state  of  the  ferrite;  or 
(3)  for  both  reasons. 

But  these  transformations,  though  retained  by  the  sudden 
cooling,  still  tend  to  occur;  if  we  reheat  hardened  steel  to,  say, 
250 0  C.  (482°  F.)  as  in  tempering,  we  so  far  relax  this 
restraint  that  part  of  the  martensite,  thus  forcibly  retained,  changes 
to  pearlite  with  ferrite  or  cementite.  We  undo  the  effect  of  the 
sudden  cooling,  to  a  degree  which  increases  with  the  temperature 
of  reheating  or  “  tempering,”  and  with  the  degrees  of  molecular 
freedom  which  it  gives.  If  the  reheating  be  carried  still  farther, 
to  a  dull  red  heat,  the  restraint  is  wholly  relaxed,  so  that  the  change 
from  martensite  to  pearlite  and  cementite  becomes  complete;  the 
metal  is  as  soft  and  ductile  as  if  the  cooling  had  been  slow  instead 
of  sudden ;  it  is  annealed. 

“  Chilling  ”  cast  iron,  i.e.,  hastening  its  cooling  by  casting  it 
in  a  cold  mould,  restrains  the  separation  of  graphite  by  hurrying 
the  metal  through  the  range  between  ABD  and  EF  in  which 
graphite  tends  to  form,  and  retains  in  its  stead  the  supersaturated 
martensite  which  the  metal  forms  on  sudden  solidification,  more  or 
less  split  up  into  pearlite  and  cementite  on  passing  A rw.  1  he 
annealing  of  such  iron  may  occur  in  either  of  two  degrees :  a  small 
one,  as  in  making  common  chilled  cast  iron  objects,  such  as  railway 
car  wheels,  or  a  great  one,  as  in  making  malleable  cast  iron.  In 
the  former  case  the  objects  are  heated  only  to  the  neighborhood 
°f  Afj,  so  that  the  martensite  may  resolve  itself  into  pearlite  and 
cementite.  The  joint  effect  of  such  chilling  and  such  annealing 
*s  to  make  the  metal  much  harder  than  if  slowly  cooled,  because 
for  e^ch  1  per  cent  of  graphite  which  the  chilling  suppresses,  the 
annealing  substitutes  15*  per  cent  of  the  glassJhard  cementite. 

In  making  “  njalleable  cast  iron  ”  the  re-heating  is  carried  to 
a  temperature  near  or  perhaps  above  EF,  so  that  the  graphite 
forming  tendency,  suppressed  by  the  initial  relatively  rapid  cooling 
T~ a  suppression  favored  by  the  special  composition  of  the  cast 
'ron  used  —  asserts  itself.  Since  graphite  and  iron  combine  to 
0rm  cementite  when  the  temperature  sinks  past  1,000  degrees, 
Cheating  the  metal  above  1,000  degrees  should  cause  cementite 


*  Fifteen  per  cent"  if  we  add  together  both  the  “  excess  ”  cementite  and 
}  c°ntained  in  the  eutectic  pearlite,  which  result  finally  from  t 
lc  has  been  prevented  from  separating  as  graphite. 
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to  split  up  into  martensite  plus  graphite.  Graphite  now  forms 
slowly  within  the  mass ;  but  whereas  the  graphite  which  separates 
when  common  cast  iron  objects  cool  slowly  from  the  melting  point 
forms  large  flakes  which  weaken  and  embrittle  the  metal  by 
breaking  up  its  continuity,  that  which  now  separates  forms  a  fine 
powder,  naturally  much  less  injurious.  For  this  heating  the  cast¬ 
ings  are  packed  in  a  mass  of  iron  oxide,  which  at  this  temperature 
gradually  removes  the  fine  or  “  temper  ”  graphite  by  oxidizing  that 
in  the  outer  crust  to  carbonic  oxide,  whereon  the  carbon  farther 
in  begins  diffusing  outwards  by  “  molecular  migration  ”  to  be  itself 
oxidized  on  reaching  the  crust.  This  removal  of  graphite  doubt¬ 
less  further  stimulates  the  formation  of  graphite  by  relieving  the 
mechanical  and  perhaps  the  osmotic  pressure.  Thus,  first,  for  the 
brittle  glass-hard  cementite  and  martensite  there  is  gradually  sub¬ 


stituted  the  relatively  harmless  temper  graphite ;  and  secondly,  even 
this  is  in  large  part  removed  by  surface  oxidation. 

Each  of  these  ancient  processes  thus  consists  essentially  in 
so  manipulating  the  temperature  that,  out  of  the  several  possible 
constituents,  the  metal  shall  actually  consist  of  a  special  set  in 
special  proportions.  But  in  addition  there  is  another  very  im¬ 
portant  principle  underlying  many  of  our  thermal  processes,  namely 
that  the  state  of  aggregation  of  certain  of  these  constituents,  and 
through  it  the  properties  of  the  metal,  as  a  whole,  are  profoundly 
affected  by  temperature  manipulations.  Thus,  prior  exposure  to 
a  temperature  materially  above  Ac,  coarsens  the  structure  of  most 
steel,  m  the  sense  of  giving  it,  when  cold,  a  coarse  fracture,  and 
enlarging  the  grains  of  pearlite,  etc.,  found  in  the  slowly  cooled 
metal.  This  coarsening  and  the  brittleness  which  accompanies  it 
increase  with  the  temperature  to  which  the  metal  has  been  exposed. 
~^eo  ,Wrhlch  after  a  slow  moling  from  about  7220  C.  will  bend 
1  f  bo!°r  fbreaking’  will>  after  slow  cooling  from  1,050°  C.  bend 
on  y  18  before  breaking.  This  injury  fortunately  can  be  cured 
either  by  re-heahng  the  steel  to  Ac,,  when  it  “  refines,”  i.e..  returns 

rr?r'y  tt  ,tsf!ine'grained  ductne  ***  («»«»*  past  a, 

by  1  1  7 „  “  effCCt) ;  °r  b?  breaki"8  »P  the  coarse  grains 

if  Z,K  dUt0rtWU’  e  s-  b>-  fot-gitig  or  rolling.  For  instance, 

ha  cootd  rn  rarsened  by  hCa,inR  t0  C  and  if,  when  it 

has  cooled  to  a  lower  temperature,  say  850“  C„  we  forge  it,  its 

gram-size  and  ductility  when  cold  will  L  •  ,  1  > 

whirh  it  ,  j  .  -  .  coia  wlU  be  approximately  those 

” h'Ch  11  W°Uld  haVe  hld  If  only  to  850° .  Hence  steel  which 
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has  been  heated  very  highly,  whether  for  welding,  or  for  greatly 
softening  it  so  that  it  can  be  rolled  to  the  desired  shape  with  but 
little  expenditure  of  power,  ought  later  to  be  refined,  either  by 
re-heating  it  from  below  A r,  to  A rlf  or  by  rolling  it  after  it  has 
cooled  to  a  relatively  low  temperature,  i.e.,  bv  having  a  low  “  fin¬ 
ishing  temperature.”  Steel  castings  initially  have  the  extremely 
coarse  structure  due  to  cooling  without  mechanical  distortion  from 
their  very  high  temperature  of  solidification ;  they  are  annealed, 
i.e.,  this  coarseness  and  consequent  brittleness  are  removed,  by 
re-heating  them  to  the  critical  range,  which  also  relieves  the 
internal  stresses  due  to  the  different  rates  at  which  different  layers 
cool,  and  hence  contract  during  and  after  solidification.  For  steel 
containing  less  than  some  0.13  per  cent  of  carbon  the  embrittling 
temperature  is  in  a  different  range,  near  700  C.,  and  such  steel 
refines  at  temperatures  above  900°  C. 

When  we  consider  the  great  number  of  different  regions  in 
Fig.  1,  each  with  its  own  set  of  constituents,  and  remember  that 
by  different  rates  of  cooling  from  different  temperatures  we  can 
retain  in  the  cold  metal  these  different  sets  of  constituents  in 
widely  varying  proportions ;  and  when  we  further  reflect  that  not 
only  the  proportion  of  each  constituent  present  but  also  its  state 
of  aggregation  can  be  controlled  by  thermal  treatment,  we  see  how 
vast  a  field  is  here  opened,  how  great  a  variety  of  different 
properties  can  be  induced  in  any  individual  piece  of  steely  how 
enormous  the  variety  of  properties  thus  attainable  in  the  different 
varieties  collectively,  especially  since  for  each  percentage  of  carbon 
an  incalculable  number  of  varieties  of  steel  may  be  made  b) 
alloying  it  with  different  proportions  of  such  elements  as  mcke  , 

chromium,  etc. 

As  vet  there  has  been  only  the  roughest  sur\e\  of  cert 
limited  areas  in  this  great  field,’ the  further  exploration  ot  wine 
trill  enormously  increase  the  usefulness  of  this  wondertu  me  a 
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THE  FRACTURE  OF  METALS  UNDER  REPEATED 


ALTERNATIONS  OF  STRESS* 

By  J.  A.  EWING  and  J.  C.  W.  HUMFREY 


IT  is  well  known  that  metals  will  break  down  after  repeated 
application  and  especially  under  repeated  reversal,  of  stresses 
greatly  less  than  those  that  have  to  be  applied  when  the  ultimate 
strength  of  the  material  is  tested  in  the  ordinary  way.  The  re¬ 
searches  of  Wohler  have  shown,  for  example,  that  iron  capable  of 
bearing  about  20  tons  per  square  inch  of  steady  load  will  break 
when  it  is  exposed  to  some  millions  of  reversals  of  a  stress  of  8 
or  9  tons  per  square  inch  alternately  in  compression  and  extension. 
When  the  alternating  stress  is  increased,  a  smaller  number  of 
reversals  sufficed  to  produce  rupture.  On  the  other  hand  ex¬ 
amples  such  as  are  furnished  in  the  balance  spring  of  a  watch,  or 
in  a  railway  axle,  show  that  very  many  millions  repetitions  may  be 
applied  with  impunity,  provided  the  limit  of  greatest  stress  be  kept 


sufficiently  low.  The  mild  steel  axle  of  a  railway  carriage  is 
exposed  to  many  millions  reversals  of  a  stress,  which,  in  some 
cases,  approaches  a  value  as  high  as  in  the  rare  instances  where 
racture  of  such  axles  has  occurred,  an  explanation  is  to  be  found 
n  t  le  gradual  spreading  of  a  crack  from  an  origin  supplied  by 


•  -  I  1  i  —  —  ~  A  V/i  lw  iil  ^  A  AV  VA  J 

an  air-bubble  or  other  primitive  defect  in  the  material.  But 
o 1  er  s  researches,  which  have  been  confirmed  hv  other  observ- 


bring  about  fracture  when  reversal  of  the 
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sessing  a  clearly  defined  and  fairly  large  crystalline  structure, 
well  adapted  when  polished  and  etched  to  exhibit  the  characteristic 
lines  known  as  “  slip-lines  ”  or  “  slip-bands,”  which  appear  in 
ordinary  testing  when  any  portion  of  the  rfiaterial  has  passed  its 
limit  of  elasticity  under  strain.* *  We  used  the  metal  in  the  form 
of  rods  with  a  rectangular  section,  the  dimensions  being  approxi¬ 
mately  0.3  inch  by  0.1  inch,  and  to  make  the  structure  as  uniform 
as  possible  these  were  in  all  cases  annealed  by  being  kept  for  about 
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Fig.  1. 

two  hours  at  a  dull  heat,  while  enclosed  in  a  tube  tilled’ 
m  a  muffle  furnace.  One  of  the  surfaces  of  each  ro  P  by 
and  etched,  and  the  rod  was  subjected  to  fevers*  exten(jed 
bending,  so  that  the  polished  surface  origjnal  experi- 

arKl  compressed.  This  was  done,  as  in  .  shaft  with 

ments,  by  making  the  rod  project  from  a  rev0  the  rod 

a  load  on  the  projecting  end.  As  the  process  ''  and  in 

Was  from  time  to  time  examined  under  the  m  - - - - 

- 1 - * - -  of  petals,”  Bakerian 

*  Ewing  and  Rosenhain,  “The  Crystalline  StruC*?^  °T,U  ' Metallographist, 

ecture,  1899,  ‘  Phil.  .Trans.,’  A,  vol.  193*  P*  353* 

V°  ‘  !9°o,  p.  94. 
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several  cases  photographs  of  the  same  crystals  were  taken  at  each 
stage  to  record  the  progressive  effect  of  repeated  reversals  of 

stress. 

A  tensile  test  of  the  Swedish  iron  rod  used  in  these  experi¬ 
ments.  carried  out  in  a  testing  machine  in  the  usual  manner, 
showed  a  breaking  strength  of  23.6  tons  per  square  inch  (reckoned 
on  the  original  area  of  section),  with  an  ultimate  extension  of 
0.8  inch  in  a  length  of  3  inches,  and  a  contraction  of  area  at  the 
break  amounting  to  61  per  cent.  There  was  a  well-marked  yield- 
point  when  the  stress  reached  the  value  of  14.1  tons  per  square 
inch.  The  diagram,  Fig.  1,  shows  the  relation  of  extension  to 
load  up  to  this  yield-point  as  measured  by  a  microscope  extenso- 
meter  designed  by  one  of  the  authors.  It  will  be  seen  from  this 
that  the  extension  remains  proportional  (as  nearly  as  can  be 
judged)  to  the  load,  up  to  a  stress  of  about  13  tons  per  square 
inch.  The  value  of  Young’s  modulus,  deduced  from  these  measure¬ 
ments,  is  13,200  tons  per  square  inch. 

The  apparatus  for  applying  repeated  reversals  of  stress  is 
shown  in  Fig.  2.  There  a  is  the  specimen  under  observation.  It 
projects  from  the  end  of  a  shaft  which  was  caused  to  rotate,  by 
means  of  an  electric  motor,  at  a  speed  of  about  400  revolutions 
per  minute.  To  the  outer  end  of  the  specimen  a  load  was  applied 
causing  a  bending  moment.  This  was  done  bv  attaching  a  brass 
cap,  b,  which  turned  freely  in  a  steel  ring,  c,  the  ring  being  pulled 
downwards  with  a  steady  force  which  was  measured  on  a  spring 
balance.  The ‘screw  coupling,  d,  allowed  the  load  to  be  adjusted 
to  any  desired  amount.  The  number  of  reversals  of  stress  was 
recorded  by  a  revolution  counter,  e.  The  specimen  under  test 
was  filed  to  a  uniform  rectangular  section  of  about  0.3  inch  by 
0.1  inch.  I  art  of  one  of  the  broad  faces  was  polished  and  was, 
in  general,  etched  by  dilute  nitric  acid.  The  specimen  was  inserted 
in  t  e  grip  at  the  end  of  the  shaft,  adjusted  to  run  true,  and  the 

revT  1  7  WaS  aPpUed-  After  makinS  ^  certain  number  of 

.  .  lc  specimen  was  taken  out  for  microscopic  examina- 

cultv  Kf»'WaS  tlen  replaced  for  a  further  run,  and  so  on,  no  diffi- 

tion  as  at  ftrs7enenCe<1  “  replacinS  h  each  time  in  the  same  posi- 

that  the  destruct^^r™611^  Were  mac*e  k  had  been  conjectured 

be  ascribed  to  a  T  ^  ^  °f  repeated  Vernations  of  stress  might 
ascribed  to  a  loosen, „g  0f  the  intercrystalline  cement  rather 
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than  to  damage  of  individual  crystals.  Previous  experiments 
had  shown  that  in  fracture  by  ordinary  progressively  augmented 
strain  the  material  gives  way*  in  general,  not  at  boundaries,  but 
through  the  crystals  themselves,*  but  it  seemed  possible  that  the 
effect  of  repeated  straining  might  be  different  in  this  respect. 
By  way  of  testing  the  point  the  experiment  was  made  of  subject¬ 
ing  an  unetched  specimen  to  many  reversals  of  stress,  in  order  to 
see  whether  the  intercrystalline  boundaries  became  apparent  as 
they  would  do  if  yielding  took  place  between  each  crystal  and 


Fig.  2. 

its  neighbors.  Nothing  of  the  kind  was  seen,  though  the  bound- 
aries  in  some  instances  could  be  traced  through  the  development 
'n  different  directions  of  slip-bands  over  individual  neighboring 
cr.vstals.  And  later  experiments,  which  will  now  be  described, 
demonstrated  that  the  mischief  which  is  done  by  repeated  strain- 
lnR  occurs  in  quite  a  different  way.  In  experiments  made  wit 
Jesses  ranging  from  14  down  to  9  tons  per  square  inch  it  was 
’llnd  that  fracture  ultimately  resulted  in  all  cases.  The  course 
°f  the  breakdown  was  as  follows :  The  first  examination,  made 


*  Ewing  and  Rosenhain,  loc.  cit.,  p.  372- 
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after  a  few  reversals  of  the  stress,  showed  slip-lines  on  some  of 


the  crystals,  on  many  of  them,  if  the  stress  was  comparatively 
great,  but  on  a  few  only  if  the  stress  did  not  much  exceed  the 
lower  limit  named  above  (of  9  tons  per  square  inch).  At  this 
early  stage  the  slip-lines  were  quite  similar  in  appearance  to  those 
which  are  seen  when  a  simple  tensile  stress  exceeding  the  elastic 
limit  is  applied.  Viewed  under  vertical  illumination  they  appeared 
as  fine  dark  lines.  After  more  reversals  of  stress  additional  slip¬ 
lines  appeared,  which  had  not  been  visible  in  the  first  instance, 
but  the  most  conspicuous  feature  was  that  those  which  were 
\  isible  before  became  far  more  distinct  and  showed  a  tendency 
to  broaden.  After  many  reversals  they  changed  into  comparatively 
wide  bands  with  rather  hazily  defined  edges,  losing  entirely  the 
fine  and  sharp  character  wrhich  slip-lines  present  when  they  first 
appear.  As  the  number  of  reversals  increased  this  process  of 
broadening  continued,  and  some  parts  of  the  surface  became  almost 
covered  with  dark  markings  made  up  of  groops  of  broadened 
When  this  stage  wras  reached  it  was  found  that  some  of 
tie  crystals  had  cracked.  The  cracks  occurred  along  broadened 
s  ip  ands ,  in  some  instances  they  were  first  seen  on  a  single 

r. '  S|.a  ’  but  soon  ^ey  joined  up  from  crystal  to  crystal,  until 
ina  y  a  ong  continuous  crack  wras  developed  across  the  surface 
l  ^specimen.  When  this  happened  a  few  more  reversals 

brought  about  fracture. 


of  o  tone  S  ^escr^P^on  w e  have  provisionally  named  a  lower  limit 

believing  tw  S<"IUare  *ncb’  ^ut  ^  experiments  give  grounds  for 

sta  la  m ",  7"  Sma"er  Stress  will  produce  fracture  in  a 
similar  manner  if  the  nrorpcc  ,  a 

sufficiently  lono-  Th5L  •  ,  f  reversin8f  the  stress  is  continued 

square  inch  fracture  result  ^  T  eVldence  that  with  9  tons  per 
with  8  and  even  *7  ‘  ^ut  we  have  also  observed  that 

that  after  many ' reve^Ts  Z  T"  ^  ^  f 

in  the  manner' that  has  y,become  accentuated  and  broaden 

strong  presumption  that  reversat  of'a^t  ^7  theref°re'  ’ 
would  ultimately  develon  cm  *  f  6SS  °f  8’  °r  even  7>  t0 
developed  bv  stresses  of  o  *  S  m  tbe  same  manner  as  they  are 

The  destructive  prlssTAr  .T"  a"d  ^ 

IS  illustrated  in  the  accom  ’  •  .b  tlle  above  is  a  brief  account, 

The  first  series  show^narf  ™lcI^Photographs  (Plates  7-9)- 
subjected  to  a  stress  th»  1  .  ot  a  specimen  which  had  been 

maximum  value  of  which,  close  to  the 


Fracture  of  Metals  under  Alternations  of  Stress 


IOI 


/ 


Fig-  3-  Specimen  of  Swedish  Iron  after  5,000 
reversals  of  a  stress  of  14.3  tons  per  sq.  inch  . 
Magnified  1 50  diameters. 


Fig.  4.  Same  after  40,000  reversals. 
Magnified  150  diameters. 


Fig-  5-  Same  after  60,000  reversals. 
Magnified  1  50  diameters. 


Fig.  6.  Same  after  70,000  reversals  and 
re-polishing  and  reetching. 
Magnified  1 50  diameters. 
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grips,  was  14.3  tons  per  square  inch.  In  this  series  the  magni¬ 
fication  is  150  diameters.  Fig.  3  was  taken  after  5.000  reversals 
had  been  given.  A  few  of  the  crystals  exhibit  signs  of  slip,  the 
slip-lines  being  still  fairly  fine  and  sharp.  Two  crystals  in  the 
photograph  are  seen  to  have  yielded  more  than  the  others.  Figs. 
4  and  5  show  the  same  set  of  crystals  after  40,000  and  60,000 
reversals  of  stress  respectively.  In  Fig.  4  a  good  many  more 
crystals  show  signs  of  slip,  and  the  slip-lines  which  appeared  in 
Fig-  3  are  ^r  more  strongly  defined.  In  some  cases  it  will  be  seen 
that  the  lines  have  so  broadened  out  as  to  run  together  and  form 
dark  patches  on  the  surface  of  the  crystals.  I11  Fig.  5  a  still 
further  breaking  up  of  the  surface  by  slip  has  occurred.  At  this 
stage,  and  probably  earlier,  some  of  the  slip-bands  have  developed 
into  small  cracks.  Such  a  crack  is  seen  near  the  top  right-hand 
corner  of  the  figure,  first  of  all  close  to  a  crystalline  boundary, 
and  then  in  steps  across  the  next  crystal.  On  the  latter  crystal 
two  systems  of  slip-bands  had  formed  at  right  angles  to  one 
anot  ler  and  at  about  45 0  to  the  direction  of  stress.  Only  one 
system  is  clearly  visible  in  the  photograph,  but  it  will  be  seen  that 
crac  runs  in  steps  along  both.  Fig.  5  shows  not  only  the 

0  tb‘s  crack>  bu*  also  a  general  increase  in  wridth, 
finfJ  *nd  nun]ber  of  the  slip-bands.  This  was  practically  the 
for  C'e'  S-°  ar  3S  *b*S  Portion  of  the  surface  was  concerned, 
crack  oukTT"  after  another  10.000  reversals  along  a 

Wh  n  1 V **  ,fldd  °f  theSe  Photographs, 
manv  of  the^r^i  ln  tb*s  state  it  is  not  practicable  to  tell  how 
this  is  readdv  tP’ba,l  S  aCtUaIly  develoPed  into  cracks,  but 

This  treatment  oMiterates^n  iS  re'Polished  and  re^tched' 

marking  differences  of  «  r  '  0rd,nar>'  slip-bands  which  are  steps 

The  specimen  which  ^  ^  CVd  but  an-v  cracks  remain  visib’e' 

inglv  re-polished  sufficiently^T  °f  photo-raPhs  was  acc0rd' 

was  reetched.  This  left  th  ’  t0  C  Car  awaX  the  slip-bands,  and 
indeed,  for  the  sides  of  tl^  Cfacks  a^ofle  visible,  rather  accentuated 
by  the  acid,  and  hence  tnf  C^Cks  are  to  some  extent  eaten  away 
6  shows  the  same  part  of  0^  tb  tbe  crack  *s  increased.  Fig- 
re-polishing  and  reetchin^  1<?  lP,eClmen  as  pigs.  3,  4  and  5  after 
except  where  they  have  f  *  ^  sllP'bands  have  disappeared, 
of  this  with  Fig.  wjn  °rrned  eracks.  A  careful  comparison 
most  conspicuous  crack  is  °'V  x%bere  eracks  have  formed.  The 

-T  and  its  zigzag  character  as  it 


Fig.  7.  Specimen  after  1 70,000  reversals  of  a 
stress  of  12.3  tons  per  sq.  inch. 
Magnified  150  diameters. 


Fig.  8.  Same  after  re-polishing  and  reetching. 
Magnified  150  diameters. 


^8*  9*  Specimen  after  1000  reversals  of  a  stress  of  12.4  tons  per  l 

Magnified  1000  diameters. 


^ig-  io.  Same  after 


-ooo  re\ersals.  Magnified  1000  diameters. 


^  u*  Same  after 


10,000  reversals.  Magnified 


iooo  diameters. 
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follows  the  two  directions  of  slip-bands  across  one  of  the  crystals 
is  specially  noticeable. 

The  specimen  illustrated  in  the  next  photograph.  Fig.  7,  had 
been  subjected  to  170,000  reversals  of  a  stress  of  12.3  tons  per 
square  inch,  at  which  it  broke.  The  spot  shown  (magnified  150 
diameters)  is  a  little  wav  further  from  the  grips  than  the  crack 
through  which  the  specimen  actually  broke,  but  another  severe 
crack  is  seen  running  across  the  centre  of  the  figure.  Comparing 
this  with  Fig.  5,  it  will  be  at  once  seen  that  there  are  far  fewer 
lines  due  to  slip  upon  each  individual  crystal  than  in  the  former 
specimen.  Fig.  8  shows  the  same  spot  after  re-polishing  and 
etching.  Comparing  this  with  Fig.  6  it  is  seen  that  a  greater 
proportion  of  the  slip-lines  appear  in  this  instance  as  cracks  after 
re-polishing.  The  maximum  stress  is  less  here  than  in  the  former 
example,  and  more  than  twice  as  many  reversals  were  required 
to  bring  about  fracture.  This  agrees  with  what  has  been  found 
for  all  other  specimens  broken,  viz.,  the  lower  the  stress  the  fewer 
the  slip-lines  upon  each  crystal,  but  the  greater  proportion  of 
these  actually  develop  into  cracks  under  the  more  numerous 
reversals  to  which  the  less  severely  stressed  specimen  is  exposed. 

The  photographs  described  above  are  on  rather  too  small  a 
scale  for  the  actual  changes  in  the  slip-lines  themselves  to  be 
clearly  seen,  and  these  are  better  illustrated  by  the  next  series, 
Figs.  9-12.  These  show  with  a  magnification  of  1000  diameters 
a  small  part  of  the  surface  of  another  specimen  of  the  same  iron 
which  was  subjected  to  reversals  of  12.4  tons  per  sq.  inch.  Fig. 
9  is  taken  after  1000  reversals.  The  slip-bands  which  ha\e 
formed  are  very  faintly  visible  as  fine  lines  upon  the  surface 
the  crystal.  Fig.  10  is  after  2000  reversals;  the  slip-bands  seen 
hi  big.  9  are  now  more  distinct,  and  some  new  ones  on  the  ri^  it 
°f  the  crystal  are  fairly  strongly  defined.  Fig.  1 1  is  after  10,000 
reversals ;  some  of  the  slip-bands  now  show  a  decided  tendency 
to  broaden  out  and  those  upon  the  right  have  extendec  turt  ie 
across  the  crystal.  Fig.  12,  taken  after  40,000  reversa  s  o  stre 
shows  further  broadening  out  and  spreading  of  the  sip-  an ^  f- 
At  this  stage  it  could  be  seen  by  the  focussing  that  t  us  ro  - 
ening  Was  due  tQ  a  heaving-up  of  the  surface  o  t  ie  c 

t  ie  neighborhood  of  each  slip-band,  the  mar  mgs  ie  . 
'ldedly  above  the  level  of  the  other  parts  of  the  crystal 
e  conjectured  that  the  action  is  of  the  kinc  m(  ica  c 
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Fig.  12.  Same  after  40.000  reversals.  Magnified  1000  diameters. 
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sketch  (Fig.  13)  where  a  represents  an  ordinary  slip-band 
seen  in  section  at  right  angles  to  its  length,  and  b  represents 
the  effect  of  reversals  of  stress  upon  it.  Very  little  further 
change  took  place  in  the  particular  crystal  of  Figs.  9-12  as 
further  reversals  were  applied,  the  specimen  breaking  elsewhere 
after  160,000  reversals.  It  has  been  noticed  in  this  respect  that 
when  once  an  incipient  crack  begins  to  form  across  a  certain  set 
of  crystals,  the  effect  of  further  reversals  is  mainly  confined  to 
the  neighborhood  of  the  crack,  other  crystals  (as  was  the  case 
with  that  illustrated  in  Figs.  9-12)  changing  but  slightly. 


'4-  Another  part  of  the  specimen  of  Figs 
9-12,  after  160,000  reversals. 

Magnified  1000  diameters. 


Fig.  15.  Specimen  after  3,000,000  reversals  of  a 

stress  of  6.9  tons  per  sq.  inch. 

Magnified  1000  diameters. 


Fig.  14  (Plate  8)  shows  a  different  part  of  the  same  spec- 
imen  (after  it  had  broken),  also  under  a  magnification  0 
diameters.  The  broad  band  in  the  middle  of  the  cnsa 
crack  which  has  developed  along  what  was  origina  1 

S^P-  The  heaving-up  of  the  surface  along  the  ec  ^es  o 
ls  well  marked  and  may  be  compared  with  sum  ar  app 
at  the  edges  of  slip-bands  in  other  parts  of  the  pioto*. 

The  stresses  which  are  stated  here  are  in  all  casescalculated 
from  the  observed  load,  as  measured  by  the  spring  a  ’  the 
at  the  end  of  projecting  beam  or  “cantilever,  am  ,  reacjie(j 
Values  which  (on  the  ordinary  theory  of  bending) 
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at  a  place  close  to  the  clamp.  It  was  observed,  however,  that 
the  destructive  effects  of  reversals  were  not  confined  to  the 
metal  immediately  adjacent  to  the  clamps,  but  extended  in  most 
cases  for  a  considerable  way  towards  the  loaded  end  of  the  spec¬ 
imen.  The  development  of  slip-bands,  and  their  gradual  widen¬ 
ing  and  final  conversion  into  cracks,  occurred  in  some  cases  at 
least  half  an  inch  from  the  clamp,  at  a  place  where  the  fixing  of 
the  specimen  could  not  disturb  the  distribution  of  stress  in  any  wav. 

In  another  experiment  the  load  was  such  as  to  produce  a 
maximum  stress,  close  to  the  clamp,  of  9.2  tons  per  sq.  inch, 
and  800,000  reversals  were  given.  It  was  then  seen  that  the 


greater  number  (though  not  all)  of  those  crystals  which  closely 
adjoined  the  place  where  the  specimen  was  clamped  showed 
signs  of  repeated  slip.  Further  away  from  the  clamp  the  slip¬ 
lines  became  less  numerous ;  but  they  were  plainly  seen  on  indi- 
\  klual  crystals  as  much  as  half  an  inch  from  the  clamp.  At  the 
most  distant  places  where  slip-lines  were  plainlv  apparent  the 
stress  was  only  7.3  tons  per  sq.  inch.  It  was  clear  that  a  stress 
no  greater  than  this  was  sufficient  to  develop  slips,' under  many 

reversals,  and  that  the  lines  so  produced  became  accentuated  as 
the  process  went  on. 

This  was  confirmed  by  another  experiment  in  which  the 
maximum  stress,  close  to  the  clamp,  was  only  6.9  tons  per  sq. 
.  *er  3-°oo,ooo  reversals  of  this  stress  one  slip-band  was 

e  \  ec  on  a  cry  stal  a  little  way  from  the  clamp.  This  is  shown 
*  where  the  slip-band  is  seen  in  the  broadened  condition 
i  resu  ted  from  3,000,000  reversals  of  stress.  Prior  to  this, 
U  e  same  specimen  had  suffered  1,000,000  reversals  of  a  stress 
damao-p  per  scl-  inch,  without  showing  the  smallest  sign  of 
rS  t|,  ,  WaS  °n'y  after  increasi"S  the  stress  to  6.9  tons  per 

whether  an  isoLed^sho  b^T  apifrent'  II  is  an  °Pen  1ue5tion 
fracture  if  th*  shI>band  such  as  this  would  have  led  to 

conclusion  of  hP  reversal  had  been  continued.  At  the 

and  it  did  not  evenTxTend  lutf  ^  StiU  COnfined  to  one  cryStal 
We  have  1  the  wa-v  across  that. 

during  reversals  of'a  ^  HneS  indicating  slip  appear 

-ally^to  be  ftnd  ^7“*^  S™11  stress,  they  are  gen- 

not  extending  to  the  boundaries'of  ***  °f  individual  cryStalS’ 

It  appears,  then,  that  this  ™/  f  CrftaL 

aterial  suffers  no  damage  from 
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repeated  reversals  of  a  stress  of  5  tons  per  sq.  inch;  but  that 
when  the  stress  is  raised  to  7' tons  per  sq.  inch  signs  of  fatigue 
are  apparent  after  many  reversals.  And  further,  that  with  a 
stress  of  no  more  than  9  tons  per  sq.  inch,  the  damage  caused 
bv  reversals  is  so  considerable  that  cracks  are  formed  and  the 
piece  breaks.  In  all  probability  fracture  through  the  formation 
of  cracks  would  occur  with  7  tons  also,  though  all  that  is  actu¬ 
ally  demonstrated  for  this  stress  is  that  it  causes  slip-bands  to 
appear  and  to  become  accentuated  in  the  manner  which,  with 
greater  stresses,  leads  to  the  development  of  cracks. 

It  is  remarkable  that  these  actions  are  brought  about  by- 
stresses  much  below  what  is  ordinarily  understood  by  the  elastic 
limit  of  the  material.  A  tensile  test  shows  proportionality'  of 
strain  to  stress  up  to  12  or  13  tons  per  sq.  inch,  with  no 
apparent  defect  of  elasticity.  The  conditions  under  which  these 
experiments  were  made  seem  to  exclude  the  possibility  that  vi¬ 
bration  gave  rise  to  local  augmentation  of  the  stresses.  The 
manner  in  which  the  slip-lines  appear  shows  that  some  crystals 
reach  a  limit  of  elasticity  sooner  than  others.  This  is  no  doubt 
to  be  ascribed  in  part  to  their  being  so  oriented  that  the  gliding 
planes,  on  which  slip  occurs,  are  inclined  in  the  direction  which 
is  most  favorable  to  the  action  of  tangential  stress.  But  besides 
this,  it  may  be  conjectured  that  in  a  complex  structure  built  up 
°}  many  crystals  irregular  in  form  the  distribution  of  stress 
rr°m  crystal  to  crystal  is  by  no  means  homogeneous. 

Whatever  the  selective  action  of  the  stress  is  due  to,  the 
experiments  demonstrate  that  in  repeated  reversals  of  stress 
eertain  crystals  are  attacked  and  yield  by  slipping,  as  in  other 
eases  of  non-elastic  strain.  As  the  reversals  proceed,  the 
■^ir faces  on  which  slipping  has  occurred  continue  to  be  sur¬ 
faces  of  weakness.  The  parts  of  the  crystal  lying  on  the  two 
s,des  of  each  such  surface  continue  to  slide  back  and  forth  over 
0ne  another.  The  effect  of  this  repeated  sliding  or  grinding  is 
een  at  the  polished  surface  of  the  specimen  by’  the  production 
f  a  burr,  or  rough  and  jagged  irregular  edge,  broadening  the 
ip-band,  and  suggesting  the  accumulation  of  debris.  Within 
ic  crystal  this  repeated  grinding  tends  to  destroy  the  cohesion 
of  the  metal  across  the  surface  of  the  slip,  and  in  certain  cases 
ls  develops  into  a  crack.  Once  the  crack  is  formed  it  quickly 
^  ows  in  a  well  known  manner,  by  tearing  at  its  edge,  in  con- 
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sequence  of  the  concentration  of  stress  which  results  from  lack 
of  continuity.  Engineers  are  familiar  with  the  development  of 
cracks,  even  in  the  most  ductile  materials,  when  these  are  initi¬ 
ated  at  air  bubbles  or  other  flaws.  The  present  experiments 
show  how  a  crack  may  be  formed,  without  any  flaw  to  serve  as 
nucleus,  the  first  breach  of  continuity  being  set  up  through  re¬ 
peated  grinding  on  a  plane  of  slip  in  perfectly  sound  metal. 

The  experiments  throw  light  on  the  known  fact  that  fracture 
by  repeated  reversals  or  alternations  of  stress  resembles  fracture 
resulting  from  a  “  creeping  flaw  in  its  abruptness  and  in  the 
absence  of  local  drawing-out  or  other  deformation  of  shape. 
1  he\  also  help  to  explain  why  it  is  that  a  piece  that  has  been 
subjected  to  many  reversals  shows  no  apparent  loss  of  strength 
or  plasticity  when  subjected  to  an  ordinary  tensile  test.  So 
long  as  the  reversals  have  not  yet  reached  the  stage  of  pro¬ 
ducing  cracks,  it  is  not  to  be  expected  that  such  a  test  will  detect 
the  deterioration  which  has  occurred.  The  material  will  still 
\  ield  b\  slipping  much  as  at  first,  and  neither  its  plasticity  nor 
its  strength  need  show  much  change. 

Interesting  points  suggest  themselves  which  require  further 
m\ estigation.  It  is  well  known  that  when  a  plastic  metal  such 
as  iron  is  strained  sufficiently  to  take  permanent  “  set,”  it  suf- 
ers  a  temporary  loss  of  elasticity,  which  is  recoverable  by  lapse 
ot  time,  the  recovery  of  which,  as  Muir  has  shown,  ’may  be 
ormous  \  accelerated  by  warming  the  piece  to  such  a  temper- 
aure  as  ioo  C.  This  may  be  ascribed  to  a  gradual  healing 

slin°afi-W  Tt,  ref"ores  ^lc  resistance  to  sliding  on  the  planes  of 
T,P  f. Cr  ey.  have  been  weakened  by  the  first  severe  strain, 
but  when  SitraU1  ma^s  subsequent  slipping  easier,  for  a  time, 
Prolllven  TCT,al  1,35  "  ’°ng  rest  recovery  ensues. 

apXt„eTrte^r^  £""7  ^  *' 

allowed  anri  fUi  .  *  stress  long  intervals  of  rest  were 

Xr:: zu  rng  ^ 

mem  would  arrest  the  destrurri^  **  Con)ectured  that  such  tre3t' 

stages,  and  give  the  material  °f  fatigue  itS  ^ 

which  alternating  strTsses  n  "l"^  f"  °f  The  d“naf 

on  the  amount  of  the  stress  a,  T«  Pr°ba'>Iy  depends  not  on\ 
suffers  but  on  th*  •  r  an<^  * le  number  of  alternations  it 

one  another  and  011™!!"  W.lt*1  "dllcl’  t,le  alternations  folio"' 
nating  action.  ^  or  otherwise  of  the  alter- 
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THE  ROLLING  AND  STRUCTURE  OF  STEEL  RAILS* 

By  P.  H.  DUDLEY 

IN  compliance  with  your  request  to  supplement  my  report  upon 
recent  practice  in  rolling  rails,  with  additional  data,  I  am  re¬ 
vising  and  elaborating  portions  of  my  first  report.  This  is  for  a 
more  extensive  study  of  the  structure  of  the  steel  rails  now  in 
service,  and  also  the  structure  of  the  high-grade  metal  in  the  splice 
bars,  which  has  rendered  such  efficient  service  the  past  few 
years. 

Several  features  in  the  manufacture  of  the  rails  which  were 
only  mentioned  in  the  report,  will  be  more  fully  considered. 

The  structure  shown  in  the  photo-micrographs  will  be  com¬ 
puted,  and  stated  as  so  many  thousand  granulations  per  square 
inch.  In  this  way  it  will  be  easier  to  compare  the  structure  of  the 
sections  which  wear  well  under  the  wheel  treads,  as  well  as  the 
structure  which  is  essential  for  girders,  with  high  elastic  limits. 
This  will  group  the  structure  of  the  different  steels,  so  the  rela¬ 
tions  to  wear,  high  elastic  limits,  and  hardness  with  toughness, 
should  be  apparent,  provided  they  exist  as  generally  expected. 

The  following  is  a  brief  report  of  my  visit  to  the  steel  mills 
last  summer,  to  make  some  rails  for  you,  and  to  study  their 
latest  practice  in  the  manufacture  and  colder  rolling  of  rails. 

The  coal  strike  was  in  effect,  and  only  a  few  thousand  tons 
of  rails  of  the  orders  were  obtained  from  the  last  of  May  to  the 
first  of  September. 

1  he  physical  properties  of  the  rails  incident  to  the  colder 
rolling,  were  modified.  The  elastic  limits  of  the  steel  were  knv- 
ered,  so  as  to  affect  the  section  for  high-speed  service. 

Several  thousand  tons  of  rails  were  rolled  in  December,  in 
which  I  made  a  slight  change  in  composition,  to  improve  the 
physical  properties  under  colder  rolling.  This  gave  a  fine  gran 
ular  structure  and  nearly  the  same  physical  properties  as  formerly 
obtained  in  rails  which  stand  up  in  the  track,  under  present  ser- 
vwe,  as  girders. 

f  visited  first  the  Pennsylvania  Steel  Company  s  mill  at 

and  *  A  rep°rt  to  W-  J-  Wilgus,  esq.,  5th  Vice  President,  New  York  Central 
nd  1Iudson  River  Railroad  Co.,  dated  January  19,  I9°3- 
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No.  i.  Coarse  Granular.  85  lb.  Sec.  P.  S.  Co.,  1902. 
Magnified  50  diameters.  2,000  Granulations  per  sq.  inch. 
17x20  inches  Ingot  on  Base. 


IN  O.  2. 


Magnified  50  diame,™“'“'  Sec'  P' s-  c»- 
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both  85-lb.  rails,  the  number  of  granulations  per  square  inch  being 
low  in  this  series. 

At  Steelton  the  Pennsylvania  Company  would  like  to  roll  only 
rails  of  70  lbs.  or  less;  the  heavier  sections  going  to  Sparrows 
Point. 

At  the  Maryland  Steel  Company’s  mill  of  the  Penna.  Steel 
Company,  at  Sparrows  Point,  the  practice  in  some  respects  is 
quite  different.  Direct  metal  is  used  for  the  converters,  from 
the  blast  furnaces,  practically  the  same  as  at  Steelton,  when  they 
are  running  under  normal  conditions.  When  I  was  there  making 
your  rails,  there  was  not  sufficient  fuel  or  iron  to  keep  the  mill 
running  on  Saturdays,  so  that  the  metal  produced  bv  the  furnaces 
on  Saturday  and  Sunday  was  taken  in  vessels  to  a  series  of 
moving  casting  pans,  and  as  the  fluid  iron  charges  the  pans, 
with  about  100  Jbs.  or  more  of  metal,  they  are  submerged  imme¬ 
diately  in  water,  and  in  less  than  a  hundred  feet  of  travel  the 
metal  becomes  solid  and  is  dumped  into  cars.  Casting  the 
metal  into  pigs,  in  sand,  as  formerly,  is  obviated.  The  iron  is 
clean,  and  in  this  respect  is  decidedly  advantageous. 

I  he  cast  metal  is  remelted  in  cupolas,  as  was  formerly  the 
practice  of  all  steel  mills  until  a  recent  date.  The  .steel  converters 
are  eighteen  tons’  capacity,  and  with  the  silicon  content  controlled 
in  the  iron,  but  little  scrap  is  used,  the  blowing  being  finished 
in  nine  to  eleven  minutes.  The  bath  is  blown  full,  as  stated  in 
°ur  specifications,  though  not  “  over-blown.”  The  silicon  content 
for  the  steel,  however,  is  less  than  there  specified.  Direct  metal 
with  the  silicon  content  controlled  for  the  converters,  less  scrap 
charged,  renders  the  blowing  more  uniform,  and  is  an  advance 
on  the  practice  of  only  a  few  years  since. 

The  bath  is  recarburized,  as  already  described  at  Steelton, 
and  then  an  electric  overhead  crane,  carrying  the  teeming  ladle, 
receives  the  charge  of  metal,  and  the  ingots  teemed  in  moulds  on 
cars. 

Mr.  p  Wood,  president  of  the  Maryland  Steel  Co.  at 
-  Parrows  Point,  originated  the  practice  of  dispensing  with  the 
pit-casting,  and  teeming  the  metal  for  ingots  in  moulds  on  cars, 
U|  Also  the  mechanical  stripper.  Both  features  are  so  desir- 

a  practice,  that  they  have  become  general  in  the  large  plants  in 
tle  United  States,  the  ingots  being  better  from  the  metallurgy 
standpoint. 
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The  present  ingots  are  20  X  21  inches  on  the  base,  and  with 
a  taper  of  little  more  than  one  inch  in  six  feet ;  and  for  one  or  two 
minutes  after  the  mould  was  charged,  there  was  a  gentle  ebullition 
on  the  top  from  the  sides  of  the  mould,  then  the  metal  set  quiet, 
and  was  capped. 

The  moderate  drafts  of  the  moulds  at  Sparrows  Point,  as 
at  Steelton,  is  a  great  advantage  in  facilitating  the  escape  of  gases 
and  impurities  from  the  junctions  of  the  columnar  structure  in 
the  corners  of  the  moulds.  In  this  respect  they  are  more  favorable 
than  moulds  of  greater  draft  for  hand-stripping.  This  will  be 
of  decided  benefit,  checking  irregular  detrusion  of  metal  from 
the  top  corners  of  the  rail-heads,  under  the  intensity  of  pressure 
of  the  present  wheel-loads. 

The  ingots  on  the  cars,  in  about  15  minutes,  go  to  the 
hydraulic  stripper,  are  stripped,  and  then  charged  into  vertical 
heating  furnaces. 

The  ingots  are  retained  in  a  vertical  position,  for  all  manipu¬ 
lations  of  stripping  and  heating,  until  ready  for  blooming.  The 
air  and  gas  in  the  heating  furnaces  are  so  controlled  that  the 
heaters  cannot  rush  the  heating.  The  time  required  for  equal¬ 
izing  the  heat  is  an  hour  and  a  quarter  to  an  hour  and  twenty 
minutes.  It  is  automatic,  under  the  control  of  the  mill  superin¬ 
tendent,  and  the  “heaters”  are  checked  frequently  by  photo¬ 
micrographs  of  the  steel,  to  prevent  over-heating,  causing  a  coarse 
granular  structure. 


This  is  really  heat  treatment  commencing  with  the  ingot, 
he  ingots,  as  taken  from  the  heating  furnaces,  do  not  show 
<  Hpping  cinder,  are  evenly  heated,  and  bloom  straight,  and  not 
cm  ing  to  one  side  being  hotter  than  the  opposite.  An 
even  scale  is  shown  over  the  entire  surface,  as  you  will  notice 
rom  tie  accompanying  photograph,  marked  3,  of  a  red-hot  ingot, 
reduced  25  times.  This  heat  treatment  of  the  ingots  cut  the 
rom  ^  t0  under  5  per  cent,  vour  rails  running  under 

4  per  cent. 

'uid  heat”!  ^  ^cat*n&  fnrnace  the  ingots  go  to  the  blooming  milk 
of  the  in^T^  "  COntim,ed-  After  the  structure  of  the  skin 
on  the  nnrtr  ^  cons°ddated  in  two  or  three  passes,  then, 
rst?eam  o  °c  ^  *  °°m  Which  is  form  the  head  of  the  rail, 
other  portion^ fCfi  ^  •  °rcec^’  co°dng  this  more  rapidly  than  the 
S  °  le  ingot.  For  an  instant  this  portion  becomes 
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darkened,  but  is  reheated  immediately  by  the  escaping  heat  of  the 
ingot,  which  dissipates  the  heat  units  of  the  steel  in  a  more  rapid 
manner  than  is  possible  by  the  ordinary  blooming  train.  'This 
'feature  of  cooling  the  bloom  is  subject  to  a  patent. 

From  the  blooming  train,  the  bloom  goes  to  the  shears,  is 
cropped  and  cut  into  lengths  for  rolling  two  or  three  lengths  of 
rails,  according  to  the  weight  of  the  section.  The  blooms  are  not 
re-heated,  but  one  piece  goes  directly  to  the  roughing  train,  and 


No.  3.  Photograph  of  Red  Hot  Ingot. 

20x21  inches  on  Base.  M.  S.  Co.,  1902.  Reduced  25  times. 

then  to  the  intermediate  train.  The  second  piece  is  delayed  a  few 
seconds,  then  follows  the  first  piece.  This  method  prolongs  the 
time  of  rolling  each  rail  for  colder  working  of  the  steel,  without 

restricting  the  output. 

The  finishing  train  has  but  one  pass,  and  is  distinct  > 
itself. 

In  all  these  operations,  the  metal  is  being  delated,  the  strut 
ture  refined  and  cooled  as  it  passes  through  the  various  trains 
0  finishing  train,  at  a  low  temperature,  for  the  short 
ages  no'v  prescribed. 
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There  are  several  features  of  colder  rolling  of  the  rails,  and 
shrinkages,  which 'require  considerable  attention.  While  a  gain 
is  made  in  refined  structure,  it  may  be  at  the  expense  of  other 
physical  properties  quite  as  important.  In  the  operations  at  Spar¬ 
rows  Point,  the  metal  for  the  rail  section  has  been  cooling  from 
the  time  that  it  entered  the  blooming  train  until  it  passes  through 
the  finishing  train,  the  metal  being  well  worked  and  the  struc¬ 
ture  fine.  The  shrinkage  limit  itself  prescribed  for  the  last  pass 
to  govern  the  structure  will  not  control  it;  while  it  may  control 
the  proper  shrinkage,  the  structure  may  be  so  large  in  the  cen¬ 
tral  portion  of  the  rail  that  it  is  not  broken  or  refined  in  the  last 
pass  of  the  train.  The  structure  of  the  metal  must  be  checked 
and  restricted  in  forming,  long  before  the  last  pass,  to  make  this 
fine  and  uniform  throughout  the  entire  section  of  the  rail. 

Another  feature  of  this  method  of  heat  treatment  is  that, 
with  our  sections  as  designed  now,  the  head  is  cooled  so  much 
faster,  while  the  other  portions  contain  a  sufficient  amount  of 
heat,  so  that  the  rolling  temperatures  are  sufficiently  uniform 
throughout  the  entire  section.  For  colder  rolling,  it  will  not  be 
necessary  to  change  the  form  of  section,  when  a  proper  heat 
treatment  is  observed  during  the  manufacture  of  the  rails. 

I'rom  the  hot  saws,  the  rails  travel  a  long  distance  to  the 
hot  bed,  which  spaces  each  rail  6  inches  apart,  for  the  ordinary 
5-inch  section ;  it  would  be  slightly  less  for  a  section  6  inches 
in  height.  The  rails  are  cooled  uniformly,  all  curved  nearly  alike. 
In  making  \our  rails,  1  had  them  slightly  under-cambered,  so  that, 
when  cool,  in  33  feet  they  had  a  parabolic  curve  of  about  V4  t°  lA 
inch  versed  sine.  The  pressure  to  straighten  the  rails  on  the  sur¬ 
face  was  not  severe,  nor  that  upon  the  side.  Four  to  six  H ght 
)  ous  on  the  base  were  all  that  was  required  to  straighten  the  rails 
.'moot i,  with  perhaps  a  like  number  upon  the  sides.  As  to  the 
ectiveness  of  the  method,  you  have  noticed  that  by  the  rails 

w  noh  have  been  laid  in  the  track.  This  method  has  been  adopted 
now  for  all  sections. 

,  7"  f,’rms  of  hardened  steel  “  fullers,”  with  wooden  handles, 

nave  been  designed  and  put  into  service  by  Mr.  S.  S.  Marti", 

'  0i  Steel  dcpartment  oi  the  Maryland  Steel  Coni- 

coriiers  c  7  aces  7  fillers  are  broad,  and  have  rounded 

TZii>Z  mdTati°n  of  the  surface  of  the  head  of  the  rails 
obviated  practically.  This  is  essential  to  produce  rails  having 
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Non-Granular.  80  lb.  Sec.,  N.  Y.  C.  &  H.  R.  R.  R,  M.  S.  Co.,  Sept.,  1902. 


Magnified  50  diameters. 

Incomplete  Granulations,  10,000  per  inch.  Ingot  on  base. 


,,  r.  p  R  M.  S.  Co.,  Sept.,  I902* 
Granular.  80  lb.  Sec.,  N.  Y.  C.  &  H.  R*  •  •’ 

Magnified  50  diameters.  Qn  fiase 

4.500  Granulations  per  sq.  inch.  20x21  in 
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a  smooth  surface,  for  the  high  standard  of  smoothness  required 
now  for  fast  trains. 

In  testing  the  butts  for  the  physical  properties  of  these  rails 
which  were  rolled  so  cold,  it  was  noticed  at  once  that  the  deflec¬ 
tion  sets  were  increased  decidedly  over  those  which  were  rolled 
at  a  slightly  higher  temperature,  or  the  structure  had  been  fixed 
by  composition. 

The  standard  deflection  set  for  the  sVs  inch  80  lb.  rails, 
moment  of  inertia  28.5  4th  power  inches,  is  1.55  inches  for  2000 
lbs.  falling  20  ft.,  supports  3  ft.  centers.  This  indicates  the  essential 
physical  properties  requisite  to  stand  up  in  the  track  as  girders, 
for  your  service. 

1  he  colder  rolled  rails  had  deflection  sets  of  2.25  to  2.5 
inches,  which  was  too  great  reduction  in  the  elastic  limits. 

( )ne  ad\  antage  of  the  nickel  steel  rails  is  that  with  a  refined 
structure  the  elastic  limits  are  even  higher  than  are  obtained  in 
t  ie  high  carbon  rails.  A  hardness  is  obtained,  combined  with 
great  toughness  and  high  elastic  limits,  which  are  the  charac¬ 
teristics,  though  in  a  lesser  degree,  of  the  rails  which  have  ren¬ 
dered  such  excellent  service  in  your  tracks. 

refined  structure  of  the  metal  at  onrp  affprts  the  rail 


essential  conditions  for  each 


section. 


are  not  incompatible  in  the  same 


attained  in  the  rolling  of  the  rails, 
“  Non-Granular,  No.  4,”  from  my 


nnl  Railway  Congress,”  shows  an 
i  elastic  limits  are  not  as  high  as 
h-speed  trains  on  80  lb.  rails. 


»  No.  5’”  is  one  of  the  coarsest 
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No.  6.  80  lb.  See.,  N.  Y.  C.  &  II.  K.  R.  R.  M.  S.  Co.,  November,  1902. 

Magnified  50  diameters. 

6,000  Granulations  per  sq.  inch.  20x21  inch  Ingot  on  Base. 


°-  7-  80  lb.  N.  Y.  C.  &  H.  R.  R.  R-,  M.  S.  Co.,  November,  1902. 

Magnified  50  diameters. 

/>ooo  Granulations  per  sq.  inch.  20x21  inch  Ingot 
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As  already  stated,  the  “  Coarse  Granular/’  Nos.  i  and  o 
are  from  reheated  blooms. 

Nos.  6  and  7  show  the  average  structure  of  your  rails  rolled 
.  hi  August.  The  service  tests  of  these  rails  in  the  track  will  be 
watched  with  great  interest.  From  the  excellent  finish  of  the 
rails,  the  surface  should  wear  smooth  in  the  track. 

From  the  character  of  the  ingots  produced,  irregular  de- 
trusion  of  metal  on  the  top  corners  of  the  rail  heads  should  be 
limited  to  a  few  rails;  only  a  slight  general  flow  of  the  metal 
must  be  expected  under  severe  service.  From  the  structure  of 
the  metal,  the  rate  of  abrasion  on  inside  of  head  of  rails  on 
curves  should  be  slow. 


In  a  subsequent  rolling,  photo-micrograph  No.  8  shows  the 
structure  of  a  rail  .54  in  carbon  and  1.20  in  manganese.  This 
structure  is  what  I  like  for  a  girder,  and  for  that  percentage 
of  carbon  and  manganese  is  excellent,  has  high  elastic  limits, 
considerable  ductility,  and  will  make  a  good  surface-wearing 
rail  for  the  present  wheel  loads,  as  well  as  a  girder.  A  piece  of 
this  rail  to  be  tested  has  been  sent  to  the  U.  S.  Testing  Machine 
at  atertown,  to  find  exactly  its  physical  properties,  also  to  make 
rotating  >haft  to  be  tested  under  high  fiber  stress 

rogs  and  switches  are  being  made  from  the  rails,  to  see 

\\e  the  structure  will  stand  the  dvnamic  shocks  incident 
to  such  service. 


T  Photo-micrograph  No.  9  is  from  one  of  the  Lackawanna 

Thic  tee  TPan>’ s  ^5  lb-  rails,  direct  rolling,  made  in  1890. 

was  in  a  frog  in  the  yard  at  the  Grand  Central  Station 
for  over  ten  years,  and  not  completely  worn  out. 

is  not1" 1  Ser7Ce  tCStS  are  °f  great  value-  and  while  the  structure 

rendered  Um  orm  as  considered  preferable  now,  the  service 

lbs""/004-  ThC  Sted  had  elastic  Hmits  of  55,000  to 
60,00/lbs.  and  'vas  a  good  wearing  rail. 

lb.  rails^UedTT^ ^  ^  'I  ^  ^  'T 

This  rail  had  been  h  i  *  ^  m  the  Park  Avenue  tunne  ' 

million  tons.  A  small  ni^  tCn  yCarS’  and  Carried  OVer.  7° 
head  owinp-  to  P  ece  was  broken  from  the  side  of  the 

and  'vas  etched- to  see  if 
Photr,  he  hlow-hole  could  be  traced. 

through  the  cenS^  of  h°'  )■  u°^S  a  Streak  of  slag’  extending 
center  of  the  field  of  view.  I  did  not  make  the 


The  Rolling  and  Structure  of  Steel  Rails 


123 


No.  8. 
and  1.20 


80  lb.  Sec.,  N.  V.  C.  &  H.  R.  R.  R.,  M.  S.  Co.,  Nov.  1902.  .54  Carbon 

Manganese.  Magnified  50  Diameters.  6,000  Granulations  per  sq.  inch. 
20  x  21  inch  Ingot  on  Base. 


Magnified  50  diameters. 

,000  Granulations  per  sq.  inch.  14  inch  sq.  ngot  01 
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first  ioo  lb.  rails,  and  little  attention  was  paid  to  the  ingots 
These  were  the  first  ioo  lb.  rails  rolled  in  the  United  States  ' 
The  structure  in  photo-micrographs  Nos.  9,  10  and  n 
should  be  more  uniform,  like  the  fine  granular  of  No.  8,  for 
the  best  wearing  rail  and  girder. 

Photo-micrograph  No.  12  shows  the  structure  of  one  of  the 
English  Wilson  Cammel  rails,  rolled  in  1870.  These  rails  did 
not  do  equal  service  in  the  track  as  those  of  the  Charles  Cammel, 
the  barrow,  and  the  John  Brown,  which  were  purchased  at  the 
s>ame  time.  The  Works  are  not  in  existence  now,  and  little 
information  can  be  obtained  in  regard  to  the  manufacture  of  the 
rails,  but  the  structure  does  not  indicate  that  the  ingots  were 
hammered.  The  rails  were  rolled  evidently  from  very  hot  re¬ 
peated  blooms.  For  the  low  content  of  carbon  and  manganese, 
t  le  structure  should  be  classed  Coarse  Granular.  The  structure 
o  t  le  stee  tells  the  story  that  the  practice  of  making  Bessemer 

‘  tt  S'  i'n  ear^-  c^ate  its  history,  was  not  uniform,  even 
m  England. 

^10t/  ni*cro&raPh  No.  13  is  from  Barrow  steel,  1873.  This 

(-  lh  4 ^  mCh  65  lb'  raiI  of  the  first  N-  Y-  C.  &  H.  R.  R.  R. 
section  I^'  ^arrow  steel  in  the  same 

1873  and  1874  *Th  rn  f°Und’  °f.  dateS  °f  l87°’  l87r»  l872’ 
reports  *  e  structure  will  be  shown  in  subsequent 

madeTeLlrernt°  w  ^  railS  fr°m  hematite  ores,  at  that  time, 
quentlv  than  the  ^TmS  .rails  ln  tlle  track>  but  broke  more  fre- 

small”  hammere^lngots^^nd^by^th WW  ^  ^ 

s  ■■  • xrsz  s 

madePar?r™"SlyN°-  2T  t,0"’  3  G“  rail’ 

mered  ingot,  and  rolled  cold  At  f,  ”S ,waS  fr°m  a  sma11  ham' 
so  cold  in  each  pass  that  n  r,  1  date  the  foiling  was  done 
quently  in  rolling  the  rails'  T  "  trains ’’  w°uld  break  fre- 
worked  and  finished  at  ] u  10  prevent  this,  the  steel  was 
Specimens  of  these  rails  hJf  ^  temperatures>  in  short  time. 
Watertown  for  comolete  n  t”  Sem  t0  the  U*  S-  Arsenal  at 
be  determined  by  combmt tests’  an<^  the  carbons  are  to 

hhe  mill  test  of  the  carhn°n'ft0  See  w^lat  thev  actuallv  were. 

carbons  for  technical  investigations  is  not 
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No.  10.  100  lb.  Sec.,  N.  Y.  C.  &  H.  R.  R.  R.,  L.  I.  &  S.  Co.,  1892. 

Magnified  50  diameters.  14  inch  sq.  Ingot  on  Base. 


'  u-  100  lb.  Sec.,  N.  Y.  C.  &  H.  R.  R.  R.,  L.  I.  &  S.  Co.,  1 
Slag  in  centre  of  cut.  Magnified  50  diameters. 

4,000  Granulations  per  sq.  inch.  14  inch  sq.  Ingot  on  Base, 
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sufficiently  precise,  as  it  is  combined  in  such  a  way  that  the 

color  test  does  not  show  what  it  was,  when  the  steel  is  rolled 

so  cold. 

The  microstructure  of  the  Barrow  and  the  Griswold  steel 
is  interesting,  from  the  fact  that  they  were  made  from  small 
hammered  ingots  and  rolled  cold.  Part  of  this  structure  is  due 
to  the  mechanical  work  from  the  hammer  and  the  rolls.  If 

these  pieces  of  steel  are  reheated  up  to  about  800  C.  this 

structure  disappears,  and  a  fine  granular  structure  takes  its  place, 
and  it  is  not  possible  to  reconstruct  the  original  structure  as 
found  in  the  rails  by  any  method  of  heat  treatment  known  at 
present.  * 

This  feature  of  the  structure  of  the  steel  has  not  been  in¬ 
vestigated  to  any  extent.  The  difficulties  are  not  only  great, 
but  very  expensive,  to  reproduce  the  structure  by  the  combined 
conditions  incident  to  the  manufacture  of  the  early  rails.  Forging 
may  reproduce  this  structure,  at  little  expense,  but  so  far  has 
not  proved  satisfactory. 

I  have  sent  a  number  of  these  old  sections.  —  and  it  is  ini* 
portant  to  collect  more  of  the  old  rails  which  have  been  in 
sendee,  —  to  Watertown,  to  the  U.  S.  Government  Testing  Ma¬ 
chine,  to  obtain  complete  physical  tests  of  the  early  steel  rails- 
One  important  fact  is  well  established,  —  that  with  their  mod¬ 
erate  elastic  limits  in  the  metal  of  their  sections,  they  did  not 
remain  smooth  in  the  track,  but  took  permanent  sets,  so  that  the 
track  could  not  be  maintained  in  a  smooth  condition  by  the 
trackmen. 


W  hile  the  stiffness  of  recent  sections  has  been  increased 
60,  80,  and  over  100  per  cent,  the  axle  load  effects  have  in¬ 
creased  in  a  faster  ratio,  and  rails  of  higher  elastic  limits  are 
needed  for  present  service. 


The  hammering  of  the  early  ingots  actually  welded  a  £rea 
man\  of  the  minute  blow  holes  which  were  in  the  low  <.arlu 
steel  and  by  work  being  continued  at  a  low  temperature. 
excellent  wearing  structure  was  secured.  But  to  attempt 

^  *  f  structure  in  our  present  rails,  without  taking  i*1 

consxderation  the  elastic  limits,  as  is  done  generally  by  engine^ 

r  f  th  mak?  a  Very  serious  mistake.  The  physical  pr0'^1* 

to  ra^tte  "ere  t0°  *°r  ^rt^ers-  It  is  unnecessary 

your  attention  to  the  fact  that  in  order  to  have  * 
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No.  12.  Coarse  Granular.  64  lb.  Sec.,  N.  Y.  C.  &  H.  R.  R.  R.,  Wilson  Cammel. 
England,  1870.  Magnified  50  diameters.  3,600  Granulations  per  sq.  inch. 


No- 13- 


^  c  u  v  K  R  Barrow  Steel, 
vGranular,  65  lb.  Sec.,  N.  Y.  C#.  &  H- 

England,  1873.  Magnified  50  diameters. 

10,000  Incomplete  Granulations  per  sq.  inc  % 
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requisite  standard  of  smoothness  now  required  in  your  track, 
the  metal  of  the  rails  must  have  sufficiently  high  elastic  limits 
to  withstand  the  strains  of  the  present  locomotives  expending 
their  large  tractive  effort,  without  taking  a  set.  The  work  of 
the  locomotive  will  increase,  year  by  year,  as  well  as  some  addi¬ 
tional  weight  of  axle  loads. 

The  consumer  can  determine  better  what  physical  proper¬ 
ties  are  essential  in  the  rails,  to  withstand  the  service,  than  those 
who  give  the  subject  superficial  examination.  Many  who  are 
now  advocating  colder  rolling  of  the  rails,  do  not  take  into  con¬ 
sideration  what  physical  properties  will  be  obtained  in  the  steel. 

The  whole  subject,  with  most  people,  seems  to  be  a  question 
of  wear  of  the  steel.  While  this  is  important,  it  is  necessary  to 
have  the  requisite  physical  properties  in  the  rails,  to  enable  them 
to  sustain  the  loads  as  girders,  without  taking  permanent  sets 
in  the  track  under  the  traffic. 

The  problem,  or  series  of  problems,  of  making  a  rail  adapted 
to  the  present  service,  is  not  as  simple  as  many  seem  to  think, 
either  in  a  technical  or  commercial  sense.  It  will  require  the 
cooperation  of  railway  officials  to  secure  what  is  really  needed 
in  the  track,  for  the  present  and  future  service. 

I  nder  present  locomotives,  expending  so  great  tractive  ef¬ 
forts,  the  intensity  of  pressure  between  the  treads  of  the  driving 
\\  heels  and  the  surface  of  the  rails,  is  from  2^/2  to  3  times  a> 
great  as  on  the  early  steel  rails,  which  were  considered  to  wear 
so  well. 


I  ire>  are  wearing  more  rapidly  than  under  the  lighter  whec 
loads  and  service,  and  in  some  instances  irregular  deformation 
<>t‘  tlie  circumference  have  occurred,  by  detrusion  of  metal  in  th 
treads  of  tires. 

In  the  rails  as  girders,  we  can  distribute  the  wheel  load 
>>  stiffness  of  the  sections,  but  we  must  sustain  the  inunsit 
t  t  ie  rn  ing-w  heel  load  pressures  by  only  a  slight  increas 

°  •  \  u .  surfaces,  of  width  of  rail  head,  and  combine 

with  higher  physical  properties  in  the  steel. 

n  roll  designing,  there  has  been  considerable  improveniei 
of  f  an^  1  *'n<^  ^iat  it  is  possible  to  start  a  s< 

dressing  of  ti*  >  ieigllt  °f  tlle  sectioti,  when  new,  and  by  careft 
practically  lntern’ecllate  roUs>  the  height  can  be  maintaul 
e  same  tor  the  different  rollings.  I  am  opl^ 


OS* 
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decidedly  to  allowing  »/„  over  and  V82  under  the  height  of  the 
section  for  dressing  the  rolls.  I  think  if  the  railroads  insist  upon 
it,  the  height  of  the  rail  can  be  kept  practically  that  of  the  sec¬ 
tion,  without  increasing  the  cost  to  the  mill,  but  care  would  be 


No.  14.  Non-Granular,  65  lb.  Sec.,  N.  Y.  C.  &  H.  R.  R.  R. 
John  Griswold  steel,  Troy,  1874.  Magnified  50  diameters. 
12,000  Incomplete  Granulations  per  sq.  inch. 


Squired  in  dressing  the  rolls.  A  description  of  the  "means 
Necessary  to  do  this  is  far  too  technical  for  this  report,  and  it 
u  °uld  need  entire  drawings  of  the  rolls  to  show  exactly  what 
1  mean;  but  I  have  no  difficulty  in  practically  maintaining  the 
height  of  the  section  for  several  rollings. 
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THE  TAYLOR-WHITE  PROCESS  OF  TREATING 

TOOL- STEEL  * 

[Being  the  Report  of  the  Committee  on  the  Invention  of  Maunsel  White 
and  Fred  W.  Taylor.  Sub-Committee:  Charles  Day,  James  Christie,  Coleman 
Sellers,  Arthur  Falkenau,  Wilfred  Lewis.] 


VT'OUR  Sub-Committee  submits  the  following  report  on  the 
1  Taylor-White  process  of  treating  tool-steel. 

About  three  years  ago  an  extensive  series  of  experiments 
were  undertaken  at  the  Bethlehem  Steel  Works,  by  Messrs. 
Taylor  &  White,  in  order  to  determine  the  relative  efficiency 
of  various  brands  of  tool-steel  on  the  market  at  that  time. 

There  are  two  distinct  classes  of  tool-steel,  namely,  carbon 
and  air  or  self-hardening.  The  latter  brand,  the  result  of  Mushet's 
work,  has  completely  replaced  the  carbon  steel  for  roughing,  its 
comparative  efficiency  approximately  being  1.5  to  1.0.  Mushet 
discovered  that  by  the  addition  of  manganese  and  tungsten  to 
tool-steel  it  maintained  its  cutting  edge  at  much  higher  temper¬ 
atures  and  consequently  much  higher  speeds  were  possible.  The 
general  introduction  of  this  steel  did  not,  however,  take  place 
as  rapidly  as  one  would  suppose,  the  manufacturers  failing  to 
appreciate  the  great  economy  realized  by  using  it.  In  fact, 
very  few  of  the  shops  that  did  use  it  obtained  the  greatest  effi¬ 
ciency  possible,  as  no  knowledge  of  cutting  speeds  and  feeds 
was  at  hand. 

The  object  of  the  experiments  above  referred  to  was  largely 
to  obtain  this  data  for  different  materials  and  to  determine  the 
tool  best  adapted  to  their  work. 

It  was  found  that  the  results  obtained  from  different  tools 
made  from  the  same  steel  varied  greatly,  and  as  the  only  way 
o  accounting  for  it  was  by  variations  in  the  process  of  har- 
theseM*  **  W&S  c^ec*^ed  to  make  a  thorough  investigation  alon? 


j  ,  aVnr  upon  a  brand  of  steel,  tools  were  f°ro 

and  a  dlfferent  temperatures  and  then  put  in  a  M 
temoerah  1  "as  *ound  that  those  cooled  from  a  very  hi 
yet  accomplished.6  remarkable  results  far  surpassing  anythi 
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It  must  be  understood  at  this  point,  that  all  air-hardening 
steel  manufactured  up  to  this  time,  was  hardened  by  heating  to 
a  cherry  red  and  either  allowed  to  cool  gradually  or  in  a  blast 
of  air.  Users  were  invariably  cautioned  against  overheating, 
cherry  red  being  specified  as  the  desired  temperature. 

The  above  tests  marked  the  beginning  of  a  most  thorough 
series  of  experiments,  the  object  being  to  determine  the  best 
chemical  composition  and  temperature  for  treating.  In  carrying 
out  the  above  experiments  a  66-inch  Bement-Miles  lathe  was 
belted  to  an  Evans  friction-cone  countershaft,  it  in  turn  being 
geared  to  a  40  horse-power  Westinghouse  motor.  By  this  means 
any  desired  speed  could  be  obtained.  A  depth  of  cut  of  3/i«  inch 
and  feed  of  Vi«  inch  with  a  duration  of  test  of  twenty  minutes 
was  adopted  as  standard.  Two  hundred  tons  of  forgings  were 
cut  up  in  earning  out  this  work,  the  total  cost  aggregating 
Sioo,ooo. 

A  review  of  the  patent  specifications  may  now  be  well  in 
order  that  we  understand  exactly  the  claims  made.  Messrs. 
Taylor  &  White  say  in  part :  “  Our  invention  relates  to  the  man¬ 
ufacture  of  tools  for  cutting  metals  or  similar  uses  where  the 
tool  is  highly  heated  in  performing  its  work,  the  object  of  our 
invention  being  to  provide  a  tool  capable  of  working  at  higher 
temperature,  and  consequently  doing  more  work  in  a  given  time 
than  the  tools  as  heretofore  made.’’  The  above  statements  make 
it  very  clear  that  the  tool  is  adapted  to  roughing  ivork  only ,  and 
unless  sufficient  speed  is  obtained,  no  gain  in  output  can  be  had. 

wish  to  make  this  point  perfectly  clear. 

Again,  on  the  first  page  of  the  patent  papers  (  Pars.  65  -go). 
we  find  a  general  statement  of  the  invention  which  may  be 
M,°rth  quoting:  “Our  invention  is  based  on  our  discovery  that, 
while  it  is  true  tools  made  of  air-hardening  steels  all  deteriorate 
temperatures  in  excess  of  a  bright  cherry  red  (though  i. 
must  be  understood,  not  all  at  the  same  temperatures),  it  is 
ak°  true  that  when  air-hardening  steels  are  made  with  certain 
COnstituents  in  ascertained  proportions  this  deterioration  only 
Prevails  during  a  limited  range  of  temperatures  abo\e  the  bright 
cherry  red;  that  is  to  say,  from  about  1.550°  F-  to  about  l'7°° 

■  Corresponding  to  a  light  salmon  color),  and  on  our  further 
'bscovery  that  above  this  range  of  temperature,  which  we  will  call 
e  breaking-down  point,”  and  from  1.725  F-  UP  to  a  tem 


Cutting  Speed,  in  Feet  per  Minute. 
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perature  at  which  the  steel  softens  or  crumbles  when  touched 
with  a  rod  (approximately  1,900°  or  2,000°  F.)  the  efficiency 
of  tools  of  such  special  steels,  that  is  to  say,  their  cutting  speed; 
and  also  their  uniformity  in  efficiency,  is  greatly  increased  and 
largely  so  in  proportion  to  the  degree  of  heat  to  which  they  are 
raised.  This  is  so  much  the  case  that  their  cutting  speed  may¬ 
be  stated  to  be  from  one  and  a  half  to  two  and  a  half  times  that 


Link-Belt  Engineering  Company,  Nicetown,  Phila. 


Fig-  1. 


atur 


breakfng-'down'^ht35  ~rCtofor'-  to  a  temperature  belov 
and  cutting  soeed  ,hn  .  accomPanymg  curve  of  tempt  a 

principle  of  The  Tavlor-Whft  "  Ir ^  “  *  graphical  man"tr  ” 
why  a  cherrv  r  a  '  '  me  discovery,  and  also  the  reast 

off  at  this  point  "  eCnied  1*st  heretofore,  as  the  curve  fal 

can  be  judged  Urer' v'l  Statem?m  of  increased  efficiency  ■ 
recently  by  the  Sub-Commhtw0"5"1"1"8  ““  exPerimen,s  ma‘ 

1,1  °r<ier  ‘°  °btain  a  suhable  steel  for  the  Taylor-WhJ 
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treatment  it  is  necessary  that  it  should  be  compounded  with  chro¬ 
mium  in  the  proportion  of  at  least  >4  of  1  per  cent,  and  another 
or  other  members  of  the  commercially  available  members  of  the 
chromium  group  of  metals  in  the  proportion  of  at  least  1  per  cent ; 
that  is  to  say,  with  either  tungsten  or  molybdenum  in  the  propor¬ 
tion  of  at  least  1  per  cent.  They  also  state  that  materially  better 
results  are  obtained  in  some  cases  by  increasing  these  propor¬ 
tions.  The  relative  value  of  the  various  members  of  the  chro¬ 
mium  group  is  carefully  considered  in  the  patent  papers,  and  it 
is  interesting  to  note  that  the  percentage  of  carbon  seems  to  have 
little  or  no  effect  on  the  results,  steels  containing  from  85°  C. 
to  2000  C.  having  the  same  efficiency. 

We  naturally  ask,  what  changes  does  the  steel  undergo  when 
subjected  to  this  high  heat  ?  and  in  answer  will  again  quote  from 
the  patent  papers,  page  2,  paragraph  50 :  “  We  do  not  feel  able  to 
state  with  certainty  the  chemical  and  molecular  changes  which 
occur  in  steels  of  this  composition  when  heated  above  the  breaking- 
down  point,  and  to  the  high-heat  characteristic  of  our  process,  but 
will  mention  as  one  characteristic  change  due  to  our  treatment, 
that  the  tools,  after  exposure  to  the  high  heat,  show  by  analysis 
a  smaller  percentage  of  carbide  of  chromium  than  existed  in  the 
steels  before  such  treatment ;  for  example,  in  steels  containing  1.50 
Per  cent  chromium  and  0.7  per  cent  carbide  of  chromium,  the 
tool  after  treatment  contained  but  0.2  per  cent  of  carbide  of  chro 
mium,  and  in  steels  containing  0.75  Per  cen^  chromium  an  0.9 
carbide  of  chromium,  the  treated  steel  contained  but  0.3  1 
Cer*t  °f  carbide  of  chromium. 

Again,  air-hardening  steels  of  this  composition,  1  e  * 
hardening  steels  in  general,  possess  in  their  normal  c0^ 
characteristically  fine  velvety  grain  when  fractured.  ie  llj=> 
r^nge  of  temperature  necessary  in  our  treatment  has  a  \  er\ 
able  tendency  to  change  the  structure  of  the  metal  an  0  . 

n°n-velvety  appearance  and  coarser  grain,  frequent  y  111  an(j 
'Vlth  darkling  grains.  “  When  treated  with  the  higher  c 
0  obtain  the  best  results,  the  steel  of  the  tools  s  ows  cases 
i  'croscope  a  distinctly  large-grained  structure,  111  J1  diSCOVered 

J***  with  austenite  or  microconstituent  o  s  e  ancl 

\vh-  ,Smond’  the  chemical  composition  of  whic  1  is  «  iet’with 

^  according  to  the  best  authorities,  has  never  been  nut 

e  industrial  treatment  of  steel.’ 
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The  question  of  cooling  the  tool  is  considered  in  detail,  dif¬ 
ferent  methods  being  adopted  for  various  duties.  They  may  be 
in  general  stated,  however,  as  follows :  The  tool  is  cooled  rapidly 
from  the  high  heat  to  a  point  below  the  breaking-down  tempera¬ 
ture  in  a  lead  bath,  then  slowly  in  the  air  or  lime,  etc.,  as  the 


case  may  be.  It  is  very  essential  that  at  no  time  the  temperature 

a  rC’  aS  *n  SUC^  a  Case  t00^  would  be  seriously  impaired. 
Alter  the  tool  has  cooled  off,  its  efficiency  is  found  to  be  further 

ea.ec  >  subjecting  it  to  what  is  termed  the  low  heat  for 
i  om°  P  ™nutes>  this  temperature  ranging  from  700°  F.  t0 
One  of  the  chief  claims  made  by  Messrs.  Taylor  & 
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White  is  the  great  uniformity  obtained  by  their  process  which 
makes  it  possible  to  run  every  tool  to  a  very  high  efficiency 
This  uniformity  is  obtained  by  the  apparatus  employed,  by  means 
of  which  remarkable  close  temperatures  can  be  ascertained.  The 
tool,  aftei  being  forged,  is  placed  in  a  coke  furnace,  where  it  is 
heated  gradually  to  a  high  heat,  the  latter  being  designated  as 
the  point  at  which  the  steel  crumbles  when  tapped  with  a  rod. 
As  the  tool  is  incandescent  at  this  point, .  it  is  necessary  that  the 
operator  wear  colored  glasses  while  testing  for  heat. 

After  heating,  the  tool  is  rapidly  drawn  from  the  furnace 
and  plunged  into  a  lead  bath,  which  is  maintained  at  a  certain 
temperature  by  a  very  ingenious  method;  a  sketch  may  help  to 
make  this  part  of  the  process  more  clear.  The  cast-iron  retort 
shown  is  heated  from  below  by  means  of  a  coke  fire,  the  intensity 
of  which  may  be  increased  at  will  by  means  of  a  blast  of  air. 
If  the  temperature  rises  too  high,  the  closed  pipe  P ,  which  has 
cold  water  circulating  in  it,  can  be  lowered  into  the  bath.  The 
temperatures  are  determined  as  follows:  From  a  lip  in  one  side 
of  the  crucible  is  placed  a  pipe  T,  which  projects  into  the  lead 
bath.  This  pipe  is  enclosed  in  turn  in  a  wooden  tube  blackened 
mside,  also  containing  a  flask  of  fluid  lighted  by  an  incandescent 
lamp  in  such  a  position  that  its  color  may  be  compared  directly 
with  the  bath  as  seen  through  pipe  T.  Great  care  has  been  exer¬ 
cised  in  obtaining  chemical  ingredients  for  different  temperatures 
that  would  be  uniform,  and  of  course  the  lamps  must  be  standard- 
lzed  and  voltage  kept  constant  by  means  of  a  rheostat.  It  must 
be  thoroughly  understood  that  it  is  in  no  way  essential  to  use 
apparatus  of  this  character  to  obtain  a  treated  tool.  In  fact,  your 
ommittee  has  seen  very  good  results  obtained  from  tools  treated 
n  an  ordinary  smithshop  fire  and  cooled  in  a  blast  of  air.  We  do 
n°I  feel,  however,  that  uniformity  can  be  had  by  the  latter 
method>  and  as  it  is  this  point  that  makes  the  treatment  so  valuable, 
e  think  that  the  great  stress  should  be  laid  on  the  apparatus. 
le  tools  at  Bethlehem  are  treated  by  laborers,  who  receive  $1-35 
^er  day.  It  might  be  well  to  mention  at  this  point  that  in  some 
"ses  where  it  is  desirable  to  grind  the  tool  before  treating,  a 
X  s  used  in  order  to  prevent  burning  at  the  high  heat. 

Witt,  n  0rder  to  verify  the  statements  made  in  the  patent  pap 
£at  r^ard  to  increased  efficiency  at  high  speeds,  and  to  iny^ 
the  apparatus  above  referred  to,  your  Committee  visi 
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*  Examination  of  tool  showed  that  it  failed  long  before  end  of  test, 
i  Point  of  tool  red-hot  for  13  minutes, 
t  Point  of  tool  red-hot  for  15  minutes. 


Chemical  Composition  of  Above  Forgings 
Bar  No.  7238  C'  Bar  No.  19788  B'  No.  1506  A 
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the  Bethlehem  Steel  Works  on  December  20  and  21  in  1901. 
Various  brands  of  air-hardening  steel  were  purchased  and  hard¬ 
ened  in  the  presence  of  the  Committee,  according  to  the  manufac¬ 
turers’  instructions.  These  tools  were  forwarded  to  the  Bethle¬ 
hem  and  ground  to  the  standard  angles  as  given  below.  The  tests 
were  primarily  made  out  at  Bethlehem  on  account  of  the  experi¬ 
mental  lathe  above  referred  to,  it  being  the  only  one  where  any 
desired  speed  could  be  obtained  with  sufficient  power  to  pull  the 
cut.  Three  different  test-pieces  were  experimented  on — two  of 
steel  and  one  of  cast-iron.  All  the  tools  that  were  tested  were 
brands  that  were  on  the  market  at  the  time  the  Taylor- White 
patents  were  granted. 

Numerous  tests  have  been  made  before  and  published,  but 
none  that  we  had  access  to  showed  the  relative  value  of  various 
tools  in  the  true  light ;  consequently  we  decided  to  run  the  tools 
at  the  same  depth  of  cut  and  feed,  varying  the  speed  in  order  that 
each  tool  should  last  twenty  minutes.  It  will  be  seen  at  once  that 
an  exhaustive  test  of  this  kind  would  take  a  very  long  time,  as 
the  speed  must  first  be  approximated  many  times  before  the  right 
one  can  be  obtained.  The  consequence  was  that  the  tests  were 
not  as  full  as  we  had  desired,  but  we  feel  they  are  sufficiently 
convincing  for  our  purpose. 

The  table  on  p.  136  shows  the  data  just  as  we  obtained  it,  an 
explanation  of  forgings,  numbers,  etc.,  being  given  below.  It 
must  be  understood  that  all  the  tools  compared  with  the  Ta\  lor 
White  in  these  tests  were  tools  that  were  on  the  market  at  t  le 
time  of  the 'invention.  We  will  consider  later  various  treatments 
that  have  come  into  existence  since  the  Taylor-White  patents  \\  ere 


granted. 

An  examination  of  the  tests  on  the  86  C.  hammere  or^i  g 
shows  that  the  relative  efficiency  of  the  treated  too  an 
untreated  tool  is  11  to  3  or  more  than  3.5  t0  Ij  e  ;S° 

forging  (10  carbon)  156  to  70  or  2.2  to  1,  and  or  t  e  cas 
70  to  55  or  slightly  less  than  1.3  to  1.  These  figures  show  that 
for  steel  the  efficiency  is  much  greater  for  hard  orgi  g 
for  soft,  but  even  in  the  latter  case  exceeds  two  o  OI^’  , 
we  might  expect,  the  saving  on  cast-iron  is  much  less,  being  about 
t-25  to  I.  On  hard  castings,  however,  the  gain  1S  n  ,  ’ 

often  reaching  2  to  1,  and  on  this  account  it  is  weU  adap ted 
certain  work.  In  proof  of  the  latter  statement  we  mifc  1 
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at  the  Link-Belt  Engineering  Company’s  Works,  Nicetown,  hard- 
sprocket  wheels  can  be  bored  at  more  than  double  the  speed  with 
Tavlor- White  tools. 

There  were  many  points  of  interest  in  the  above  tests  for  any 
one  who  was  not  familiar  with  the  operation  of  treated  tools 
working  on  low-carbon  steel.  Reference  to  the  table  shows  a 
cutting  speed  of  156  feet  per  minute,  with  3/10  inch  depth  of  cut 
and  7xo  inch  feed.  This  tool  was  removing  metal  at  the  rate  of 
353  pounds  per  hour  and  was  rcd-liot  5/10  inch  from  the  point. 
The  color  was  distinctly  visible  in  the  daylight,  no  stronger  proof 
being  needed  of  the  high  heat  at  which  these  tools  maintain  their 
cutting  edge.  At  the  end  of  twenty  minutes  the  edge  of  the  tool 
was  carefully  examined  with  a  magnifying  glass  and  found  to  be 
perfect.  In  fact,  the  original  grinding-marks  could  still  be  de¬ 


tected;  consequently,  we  see  that  the  claims  made  by  the  inventors 
regarding  increased  efficiency  for  roughing  work  are  just,  so  far 
as  the  brands  of  steel  we  compared  are  concerned.  The  importance 
of  this  discovery  can  scarcely  be  overestimated  when  we  consider 

how  its  influence  is  felt  in  every  establishment  where  cutting 
tools  are  used. 

If  the  manufacturer  is  doing  a  large  proportion  of  roughing, 
it  nia\  be  the  means  of  doubling  his  output,  assuming  that  he  has 
a  rea<  \  been  using  the  best-known  steel.  The  discoveries  of 
.  Iessrs.  Taylor  &  White,  coming,  as  they  did,  at  a  most  oppor- 
une  time,  lave  been  an  epoch  in  machine  practice,  and  have 
simply  proved  again  that  scientific  methods  lead  to  much  better 

,  t,a.n  ^less  w°rk.  The  great  interest  which*  their  work 
awakened  in  the  engineering  world  was  largely  due  to  Mr.  Tay- 

which"  made  °t  com™llinS  the  men  at  Bethlehem  Steel  Works, 
efficiency  thin  t0  _run  ever>*  machine  to  a  much  higher 

machine  desio-n  ti  aS  C  °ne  more  f°r  a  certain  class  of 

bnger  deSbTe  mT  thi"e  «»  P°™  to.  It  is  no 

essential  if  maxim^'^r^^U“0n'  et<7  tot  absolutel-v 

we  must  Sk  L  the  We  Ta>-,or  &  White  thal 

raen,wlt,TavXlm  OX'  Was  made  “>  trea*' 

1  oil  the  market  since  the  Tavlor- White 
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patents  were  issued.  Several  manufacturers  of  tool-steel  claim 
to  have  a  tool  that  gives  results  quite  equal  to  the  Taylor- White, 
and  it  was  our  desire  to  have  such  tools  entered  in  the  above  test. 

As  several  of  the  manufacturers  object  to  making  them  at 
the  Bethlehem  Steel  Work’s,  it  was  deemed  best  to  postpone  these 
trials  until  a  later  date,  when  they  can  be  made  at  the  Link-Belt 
Engineering  Company  on  a  lathe  especially  adapted  to  this  work 
and  which  they  expect  to  have  in  operation  in  a  few  weeks.  If 
such  a  series  of  tests  are  made  it  will,  of  course,  be  necessary  to 
prove  that  the  various  tools  do  not  infringe  the  patents  we  are 
considering. 

In  conclusion,  your  sub-committee  takes  pleasure  in  recom¬ 
mending  the  award  of  the  Elliott-Cresson  Medal  to  Messrs.  1  aylor 
&  White  for  the  discovery  and  development  of  a  method  of  treat¬ 
ing  a  certain  composition  of  tool-steel  which  has  made  it  possible 
to  largely  increase  the  output  of  machines  doing  roughing  work. 

Adopted  April  11,  1902.  Attest: 

Wm.  H.  Wahl, 

Secretary. 


PROBABLE  EXISTENCE  OF  A  NEW  CARBIDE 
OF  IRON,  Fe.2C.* 

By  E.  D,  CAMPBELL  and  M.  B.  KENNEDY 

THE  only  well-recognized  carbide  of  iron  which  has  been  re¬ 
covered  from  specimens  of  commercial  iron  or  steel  is  that 
which  was  first  described  by  Sir  F.  Abel  and  Mr.  Deenng  m 
1885.1  This  carbide,  according  to  their  figures,  is  represented 
by  the  formula  Fe3C.  Abel  and  Deering’s  work  has  been  repeated 
since,  with  various  modifications  and  improvements  in  method, 
by  Muller, $  Osmond  and  Werth,§  Arnold  and  Read,||  an  }  one 
of  the  present  authors.^  The  results  obtained  by  all  these  e*Per 
menters  confirm  the  conclusion  drawn  from  the  \\  or '  o  ir 
Abel,  that  the  greater  part  of  the  carbon  in  annealed  stee  exis  s 


*  Joiirnal  Iron  and  Steel  Institute,  I9°2>  tl* 

t  Proceedings  of  the  Institution  of  Mechanical  Engineers,  1  5>  P  j 

\  Stahl  und  Eisen,  Vol.  V.  §  Annales  de  Mines,  1  5> 

||  Journal  of  the  Chemical  Society,  1894,  Vol.  LX\  ,  p«  7 
American  Chemical  Journal,  1896,  Vol.  X\  III,  p.  83 
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in  the  form  of  a  definite  carbide  having  the  empirical  formula 
Fe  C.  The  carbide  obtained  by  all  the  authors  mentioned  has 
been  recovered  from  steel  containing,  in  most  cases,  less  than  i 
per  cent  of  carbon.  Perhaps  the  most  exhaustive  research  is  that 
of  Arnold  and  Read,  who  show  that,  'even-  in  carefully  annealed 
steel,  only  about  72-94.9  per  cent  of  the  total  carbon  in  the  metal 


is  recovered  in  the  form  of  carbide.  The  failure  to  recover  all 
of  the  carbon  as  pure  carbide  seems  to  be  due  to  the  decomposi¬ 
tion  of  carbide  of  iron,  not  crystallized  or  precipitated,  but  remain¬ 
ing  in  solid  solution.  As  might  be  expected,  carbide  of  iron,  held 
in  solid  solution  in  the  iron,  would  be  much  more  easily  decom¬ 
posed  by  the  action  of  dilute  acids  than  if  the  carbide  were  pre¬ 
cipitated  or  crystallized  in  masses  of  appreciable  size.  If  we  con¬ 
sider  the  conditions  under  which  the  carbide  recovered  by  Arnold 
and  Read  was  formed,  we  may  readily  account  for  the  failure  to 
recover  the  total  carbon  of  the  steel  in  the  form  of  carbide.  When 
the  metal,  being  annealed,  is  above  the  recalescent  point  Ar^  car¬ 
bon  exists,  according  to  different  authors,  in  one  of  the  following 
forms:  as  carbide  of  iron  in  solid  solution,  as  a  sub-carbide  of 
iron,  or  as  carbon  dissolved  in  an  allotropic  form  of  iron.  When 
the  recalescent  point  is  reached  one  of  the  following  changes 
would  take  place,  according  to  the  view  held  as  to  the  condition 
of  the  carbon  at  the  higher  temperature ;  the  dissolved  carbide  of 


iron  precipitates  or  crystallizes  from  solid  solution,  the  subcarbide 
of  iron  splits  up  or  separates  into  the  normal  carbide ;  or,  according 
to  the  third  view,  the  dissolved  carbon  combines  with  iron  to  form 
the  definite  carbide  be3C.  In  any  of  these  cases  we  have  the 
conversion  of  martensite  into  pearlite  during  the  recalescence,  and 
most  of  the  carbon  passing  into  the  form  of  pure  carbide  Fe3C, 
which  constitutes  the  bright  lamina  of  pearlite.  It  would  seem 
almost  inevitable  that  the  portion  of  pearlite  colored  dark  in  the 
preparation  of  specimens  for  microscopic  examination  must  consist 
of  a  solid  solution  of  carbide  of  iron  in  iron,  and  not  pure  iron,  or 
ferrite,  as  is  usually  assumed.  The  decomposition  of  this  dissolved 
carbide  of  iron  would  readily  account  for  the  failure  to  recover 
all  of  the  carbon  in  steel  in  the  form  of  precipitated  or  crystallized 

definite  carbide  Fe.,C.  The  idea  that  '  11 

•'  “c  luea  that  the  inability  to  recover  all 

he  carbon  of  annealed  steel  in  the  form  of  pure  carbide  is  due 
,0  the  decomposit.on  of  carbide  remaining  in  solid  solution  is 
supported  by  the  results  obtained  by  Arnold  and  Read  in  the  treat- 
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ment  of  hardened  steel.  Their  results  seem  to  show  that  the  car¬ 
bides  in  solid  solution  are  very  much  more  readily  decomposed 
than  when  precipitated  or  crystallized.  The  fact  that  they  ob¬ 
tained  20-38  per  cent  of  the  total  carbon  as  the  carbide  Fe3C, 
however,  would  tend  to  show  that  at  the  critical  point  Aclf  the 
carbides  of  iron  merely  pass  into  solid  solution,  perhaps  with 
partial,  but  certainly  not  complete,  dissociation  into  iron  and  dis¬ 
solved  carbon. 

Since  it  has  been  so  well  demonstrated  that  the  carbide  of 
iron  separating  from  solid  solution  in  the  presence  of  a  very  large 
excess  of  iron  has  the  empirical  formula  Fe3C,  the  question  arose 
in  our  mind  as  to  whether  a  carbide  crystallizing  or  precipitating 
from  solid  solution  in  the  presence  of  a  much  larger  proportion 
of  carbon  than  is  found  in  ordinary  steels  might  not  have  a  dif¬ 
ferent  composition.  In  order  to  decide  this  question,  we  have 
isolated  the  carbide  from  a  sample  of  annealed  white  iron.  The 
iron  employed  for  this  purpose  was  a  pig  of  white  charcoal  iron, 
furnished  us  through  the  courtesy  of  Mr.  L.  E.  Dunham,  manager 
of  the  Ashland  Iron  and  Steel  Company,  Ashland,  Wisconsin. 
The  original  iron  had  the  following  composition :  combined  carbon, 
3-53  Per  cent ;  graphite  carbon,  0.01  per  cent ;  silicon,  0.07  per 
cent;  phosphorus,  0.13  per  cent;  sulphur,  0.01  per  cent;  and 
manganese,  0.05  per  cent.  The  pig  was  broken  up,  and  a  piece 
weighing  about  900  grams  selected  for  the  work.  This  piece 
was  first  dressed  with  an  emery  wheel  until  perfectly  bright,  and 
was  then  placed  in  a  porcelain  evaporating  dish,  covered  in  turn 
with  a  second  dish,  so  arranged  that  a  stream  of  hydrogen  could 
be  kept  up  during  the  annealing.  The  temperature  to  which  the 
piece  was  raised  was  measured  by  means  of  a  Le  Chatelier  thermo¬ 
couple  placed  close  to  the  iron.  The  dishes  containing  the  iron 
were  placed  in  an  assay  furnace,  and  the  temperature  gradually 
raised  during  a  period  of  five  hours  to  950°  C.  After  maintaining 
the  iron  at  a  temperature  varying  from  930°-950  C.  for  about 
two  hours,  the  temperature  was  allowed  to  fall,  -about  three  hours 
being  required  for  it  to  reach  6oo°.  An  analysis  of  the  iron  so 
annealed  showed  that  the  graphite  carbon  had  increased. only  to 
o  1 2  per  cent  This  piece  of  annealed  metal,  supported  by  means 
of  a  heavy  copper  wire,  was  connected  with  the  anode  of  a  storage 
battery  the  cathodes,  one  on  each  side  of  the  bar,  being  platinum 
cylinders  The  solution  used  as  an  electrolyte  was  fourth-normal 
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sulphuric  add.  about  three-fourths  of  the  iron  being  immersed 
during  the  electrolysis,  which  was  conducted  in  a  large  beaker 
containing  about  four  litres.  In  the  electrolysis,  an  electromotive 
force  of  two  vohs  and  a  current  of  0.30  ampere  was  found  to  give 
the  most  satisfactory  results.  When  such  a  current  as  this  ----  - 

acted  for  twenty-four  hours,  the  iron  was  taken  e. . - 

adhering  carbide  rubbed  loose  under  water  by  means  of  a  brush 
made  of  very  fine  aluminium  wire,  such  as  employed  by  one  of 
us  in  the  recovery  of  pure  carbide  of  iron,  referred  to  in  the  first 
part  of  this  article.  When  the  carbide  had  been  remote..  ---■•• 
acid  was  placed  in  the  beaker  and  the  electrolysis  continued-  The 
recovered  carbide  was  first  triturated  lightly  under  water  an  2 
washed  bv  decantation  with  water  until,  on  stirring,  no  light  car¬ 
bonaceous  matter  could  be  seen  carried  over  with  the  water.  The 
water  was  then  decanted  off  and  the  carbide  treated  with  a  cold 
20  per  cent  solution  of  KOH  in  order  to  dissolve  smaL  pieces  ot 
aluminium  wire.  When  the  aluminium  was  completely  dissolved, 
the  carbide  was  again  thoroughly  washed  by  decantation  with 
water,  and  was  finally  rinsed  on  to  a  smooth,  hardened  tnter- 
paper.  and  washed  with  alcohol  followed  by  ether.  This  carbide 
was  then  placed  in  a  large  test-tube,  and  dried  at  a  temperature 
of  about  250"  in  a  stream  of  pure,  dry  hydrogen.  The  weight  of 
the  original  iron  was  taken  before  the  electrolyses  began,  an 
after  each  two  or  three  electrolyses  the  bar  was  again  weighe 
to  determine  its  loss,  and  the  corresponding  carbides  weighed  ar. 
analysed.  The  results  of  these  electrolyses  will  be  best  shown  ir 
the  following  table. 

Table  I 
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302.05  grams  of  iron  with  3.53  per  cent  carbon  would  contain 
10.662  grams  of  carbon ;  the  amount  of  carbon  recovered  in  the 
carbides,  8.6114  grams,  is  therefore  80.76  per  cent  of  the  total. 
If  we  calculate  the  carbon  and  iron  only,  recovered  as  carbide, 
we  would  have  an  average  composition  of  carbon  8.20  per  cent 
and  iron  91.80  per  cent.  The  irregularity  in  the  proportion  of 
carbide  recovered,  to  loss  of  weight  of  the  bar,  is  due  to  the 
irregular  dissolving  away  of  the  iron  during  the  different  elec¬ 
trolyses.  Some  days  a  small  yield  of  carbide  would  be  obtained  in 
proportion  to  the  weight  of  metal  dissolved,  and  perhaps  the  next 
day  a  comparatively  large  layer  of  carbide  would  be  removed. 
At  the  end  of  all  the  work  the  piece  of  iron  was  found  to  be 
covered  with  a  rather  firmly  adhering,  but  porous  layer,  which 
could  be  scraped  off  to  a  depth  of  nearly  a  millimetre,  if  consider 
able  pressure  was  applied.  This  was  not,  however,  included  in 
the  above  table.  The  carbides  recovered  had  in  general  a  gray 
metallic  appearance  when  examined  in  mass  with  the  naked  eye, 
some  samples  being  brighter  than  others,  b  nder  the  microscope 
it  appears,  as  would  be  expected  from  a  substance  precipitating 
or  crystallizing  from  solid  solution,  “  an  amorphous  black  powder 
without  apparent  crystalline  form.  Sample  Xo.  22,  w  ie 
recovered,  seemed  to  be  the  brightest  of  any,  and  was  kept  seP 
for  this  reason  before  an  analysis  of  it  was  made.  iese 
were  all  in  the  form  of  a  powder  fine  enough  to  ea^  -  . 

sieve  with  too  meshes  to  the  linear  inch,  but  * ‘  *  (te  samples  of 

would  be  retained  by  a  200  mesh  sieve.  •  into 

the  carbide  were  separated  by  means  of  a  200  mes  t-ons, 

two  portions,  coarse  and  fine.  The  results  o  ies 
with  the  analyses  of  the  separated  portions,  are  given  in  the 

lowing  table : 

Table  II 


Sample 


7-8-9 

20-21 

22 


Per  Cent 
Coarse 

Per  Cent 
Fine 

36.01 

52.76 
,  38.46 

63.99 

47.24 

61.54 

Carbon  in 
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7-51 
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Carbon  in 
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9-31 

8.80 

9.87 


A  determination  of  the  graphitic  car  xm  samples  con- 

)tn  sample  22  gave  only  0.12  per  cen  . 
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taining  the  highest  per  cent  of  carbon  do  not  seem  to  have  been 
decomposed  by  the  acid  in  the  process  of  recovery  to  any  greater 
extent  than  the  samples  with  the  lower  per  cent  of  carbon.  This 
fact,  taken  together  with  the  fact  that  all  the  samples  were  thor¬ 
oughly  washed  by  stirring  and  decantation,  would  seem  to  prove 
that  the  carbon  in  these  carbides  is  actually  chemically  combined 
with  the  iron,  and  not  mechanically  mixed  as  carbonaceous  matter 
resulting  from  chemical  decomposition.  Pure  carbide  of  iron  Fe3C 
contains  6.67  per  cent  carbon,  while  a  carbide  Fe2C  would  contain 
9.67  per  cent.  It  will  be  noticed  that  within  the  limits  of  experi¬ 
mental  error,  the  carbon  percentages  range  between  that  of  Fe3C 
and  that  of  Fe2C.  It  does  not  seem  as  likely  that  iron  would  form 
a  large  number  of  carbides  with  the  percentage  of  carbon  varying 
between  6.67  per  cent  and  9.67  per  cent,  as  that  it  would  form 
two  carbides,  one  having  the  empirical  formula  Fe3C,  and  the 
other  Fe2C.  The  most  probable  explanation  of  the  results  obtained 
here  is  that  we  have  obtained  varying  mixtures  of  the  two  above- 
mentioned  carbides.  The  chemical  behavior  of  these  two  carbides 
is  almost  identical.  The  Fe2C  seems  to  be  more  hard  to  dissolve 
in  potassium  cupric  chloride  and  in  hydrochloric  acid  than  is  the 
Fe3C,  but  the  difference  is  not  sufficiently  marked  to  be  used  as 
a  means  of  quantitative  separation.  The  hydrocarbons  given  off 
on  dissolving  the  carbides  in  hydrochloric  acid  are  practically  the 
same,  qualitatively  and  quantitatively.  About  one-half  of  the 
gaseous  hydrocarbons  are  paraffins  and  one-half  olefins,  yielding 
from  3.1  to  3.3  times  their  own  volume  of  carbonic  anhydride  on 
explosion.  The  high  molecular  weight  of  the  products  of  solution 
would  indicate  that  the  molecular  formulae  of  the  carbides  are  not 
shown  by  the  formulae  Fe3C  and  Fe,C,  but  more  probably  by 
some  multiple  of  these  formulae,  as  has  been  expressed  by  one  of 
us  in  discussing  the  constitution  of  steel.*  If  the  constitution  of 
the  ordinary  carbide  of  iron  is  represented  by  the  general  formula 

(Fe3C)n  and  the  structure  of  one  of  the  lowest  ferro-carbons  by 
the  formula  — 


Fe  Fe 


C  =  C  Fe, 

/  \  X 

Fe 


145 


Probable  Existence  of  New  Carbide  of  Iron 

0  \ 

it  is  conceivable  that  one  Fe  atom  might  be  removed  from  each 
Fe,  group,  leaving  the  two  remaining  Fe  atoms  in  the  same  rela¬ 
tion  to  the  carbon  atoms  as  they  bore  in  the  original  ferro-carbon. 
Such  a  carbide  would  have  a  general  formula  (Fe3C)n,  and  the 
structure  of  the  derivative  from  the  above  member  would  be  — 


Fe 


Fe 


% 

C 

/ 


Fe 


/ 

C 

\ 


Fe 


Carbides  of  the  general  formula  (Fe2C)n  derived  in  this  way 
from  carbides  of  the  general  formula  (Fe3C)n  would  give  the 
same  products  of  solution  in  acids.  The  fact  that  (Fe2C)n  is 
recovered  only  from  iron  containing  a  large  percentage  of  carbon, 
while  (Fe3C)n  is  the  only  product  from  annealed  steels,  would 
be  very  strong  evidence  that  the  (Fe2C)n  is  precipitated  or  crys¬ 
tallized  as  such  from  *solid  solution  during  slow  cooling  and  is 
not  derived  as  a  decomposition  product  of  (Fe3C)n.  Whether 
(Fe2C)n  is  a  constituent  of  the  pearlite  or  of  the  free  cementite  in 
slowly  cooled  white  iron,  we  are  at  present  unable  to  sayr. 

A  mixture  of  carbides  (Fe3C)n  and  (Fe2C)n  to  contain  8.20 
per  cent  carbon  and  91.80  per  cent  iron,  would  ha\e  to  be  made 
up  of  49  per  cent  of  the  former  and  51  per  cent  of  the  latter 
carbide.  If  all  the  carbon  and  iron  recovered  as  carbide  described 
in  Table  I  represents  a  mixture  of  the  two  carbides  recovered 
from  302.05  grams  of  metal,  there  would  be  17-03  Per  cent 
(Fe  C)  and  17.73  per  cent  of  (Fe2C)n,  or  in  all  34-76  per  cent 
of  mixed  carbides  derived  from  the  electrolytic  treatment  of  slowly 

cooled  white  iron.  , 

When  pieces  of  the  same  white  iron  employed  in  the  above- 

described  work  were  electrolyzed  without  first  annealing  the  iron, 
samples  of  carbide  were  recovered  containing  in  many  cases  much 
more  carbon  than  was  found  in  the  carbides  recovered  from  the 
unannealed  metal.  In  the  case  of  the  carbides  recovered  from 
the  unannealed  metal,  the  sum  of  the  iron  and  carbon  was  far 
short  of  too  per  cent,  and  the  difference  increased  as  the  percent¬ 
age  of  carbon  in  the  residues  increased,  thus  showing  that  the 
large  amount  of  carbon  was  due  to  decomposition. 

It  was  thought  that  possibly  a  microscopic  examination  of 
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Fig.  1.  White  charcoal  Pig  Iron,  unheated. 
Magnified  iio  diameters. 


Fig.  2.  Same  as  Fig.  i. 
Magnified  480  diameters. 


Fig.  3.  Same  Pig  Iron  reheated  to  950°  C. 
and  slowly  cooled. 

Magnified  no  diameters. 


*  4*  Same  as  fig.  3. 

Magnified  480  diameters. 


the  white  iron,  before  and  after  annealing  m; ^  fll 

additional  light  on  the  change  which  took  place  during™, 'he  sto 

cooling,  ho  positive  information,  however  *  ,S  * 

»  5cems  to  be  obtain* 
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by  this  method  of  examination.  I  am  indebted  to  Professor  Albert 
Sauveur,  who  has  kindly  offered  to  make  the  metallographic 
examination  of  the  white  iron,  before  and  after  annealing.  His 
report  is  as  follows: 

Description  of  Micro-Structure 

Sample  I.  —  White  charcoal  pig  iron,  untreated. 

The  structure  of  this  sample  is  illustrated  in  photo-micro¬ 
graphs  Nos.  1  and  2,  magnified  respectively  no  and  480  diam¬ 
eters.  They  reveal  the  normal  appearance  of  white  cast  iron, 
the  structure  being  made  up  of  a  matrix  of  cementite  and  numer¬ 
ous  globular  lumps  of  pearlite. 

In  Fig.  2  is  shown  the  internal  structure  of  one  of  the  pearlite 
grains.  It  presents  the  laminated  structure  characteristic  of  nor¬ 
mal  pearlite  and  of  the  majority  of  eutectic  alloys. 

Sample  II.  —  Same  pig  iron  re-heated  to  950°  C.,  and  slowly 

cooled. 

The  micro-structure  of  this  sample  is  illustrated  by  photo¬ 
micrographs  3  and  4,  under  magnification  respectively  of  110 
and  480  diameters.  It  will  be  seen  that  the  treatment  to  which 
this  sample  was  subjected  has  not  altered  the  genera  appearance 
of  the  structure,  i.e.,  the  relative  proportion  of  cementite  and 
pearlite,  and  the  size  and  distribution  of  the  pearlite  areas.  It 
has,  however,  greatly  modified  the  internal  structure  of  the  pearlite 
particles.  The  pearlite  no  longer  exhibits  the  characteristic  lami¬ 
nation  noted  in  the  untreated  sample.  It  is  now  made  up  of 
irregular  particles  of  a  white  constituent  (cementite?)  embedded 

in  a  dark  matrix  (ferrite?). 
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NOTE  ON  THE  INFLUENCE  OF  THE  RATE  OF  COOLING 
ON  THE  STRUCTURE  OF  STEEL  * 

By  ALBERT  SAUVEUR  and  H.  C.  BOYNTON,  Cambridge,  Mass. 


IN  the  course  of  some  experiments  conducted  in  the  Metallo- 
graphical  Laboratory  of  Harvard  University,  some  interest¬ 
ing  facts  were  brought  to  light  which  appear  to  be  worth  recording 
in  advance  of  a  more  elaborate  and  exhaustive  paper  which  the 
authors  hope  to  present  to  the  Institute  in  the  near  future. 

Fig.  1  shows,  under  a  magnification  of  100  diameters,  the 
microstructure  of  the  cross-section  of  a  steel  bar  ^2  inch  square, 
containing  0.52  per  cent  carbon,  heated  to  i,ioo°  C.  and  cooled 
slowly  with  the  furnace.  Fig.  2  illustrates  the  structure  of  the 
same  steel,  heated  to  the  same  temperature  but  cooled  more  rapidly 
in  the  air. 

Both  samples  were  cut  from  the  same  bar  and  heated  side 
by  side  in  the  furnace.  When  a  temperature  of  i,ioo°  C.  had 
been  reached,  one  sample  was  taken  out  of  the  furnace  and 
allowed  to  cool  in  the  air,  while  the  other  was  cooled  with  the 
furnace.  The  only  difference,  therefore,  in  the  treatment  of  both 
samples  will  be  found  in  their  respective  rate  of  cooling.  This 
variation  in  the  rate  of  cooling  resulted,  as  shown  here,  in  a  very 
marked  difference  in  the  structure  of  the  two  samples. 

The  air-cooled  sample  has  assumed  a  sharply  defined  net¬ 
work  structure,  while  the  furnace-cooled  specimen  possesses  a 
structure  which,  for  lack  of  a  better  term,  we  shall  call  a  gran¬ 
ulated  structure.  ' 

Similar  experiments  were  repeated  a  great  many  times  with 
identical  results.  Air-cooling  from  temperatures  exceeding  900 
C.  always  resulted  in  the  formation  of  a  network  structure,  while 
verv  slow  cooling  in  the  furnace,  from  similar  temperatures,  was 
always  accompanied  by  the  formation  of  a  granulated  structure. 

The  examination  of  these  two  structures  cannot  fail  to  im¬ 
press  us  with  the  important  part  played  by  the  rate  of  cooling 
from  a  high  temperature  upon  the  constitution,  and,  therefore, 
upon  the  properties  of  medium  hard  steel,  and  probablv  of  all 
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February,  1903. 
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Fig.  i.  Steel  bar  containing  0.52  per  cent  carbon,  heated  to  1 100  C. 
and  cooled  slowly  with  the  furnace. 

Magnified  ioo  diameters. 


Fig.  2.  Same  steel  heated  to  uoo°  C.  and  cooled  in  an. 
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More  thoughtful  consideration  will  lead  to  other  conclusions 
and  speculations  which  are  not  without  scientific  as  well  as  prac¬ 
tical  interest. 

It  is  a  well-acquired  fact  that  alh'  the  carbon  present  in 
undersaturated  or  hypo-eutectic  steel  is  included  in  the  constituent 
pearlite.  It  is  also  generally  stated  that  pearlite  has  a  constant 
composition,  its  carbon  content  being  in  the  neighborhood  of  0.8 
per  cent.  Finally,  undersaturated  steels,  when  unhardened,  are 
always  described  as  being  made  up  of  ferrite  and  pearlite,  which 
implies  the  assumption  that  the  dark  constituent  of  these  steels 
is  always  made  up  of  pearlite.  Upon  examination  of  Figs.  1  and 
2,  however,  it  will  be  found  that  the  dark  constituent  occupies  a 
much  larger  proportion  of  the  mass  in  the  case  of  the  air-cooled 
sample.  A  rough  estimate  will  show  that  the  dark  constituent 
occupies  a  little  more  than  one-half  of  the  area  of  Fig.  1,  while 
it  occupies  at  least  90  per  cent  of  the  area  of  Fig.  2.  It  is  evident, 
therefore,  that  the  carbon  in  Fig.  1  has  segregated  into  a  smaller 
bulk,  or,  in  other  words,  the  dark  constituent  of  the  furnace-cooled 
sample  contains  a  larger  proportion  of  carbon  than  the  dark  con¬ 
stituent  of  the  air-cooled  sample.  If  we  call  the  dark  constituent 
of  both  samples  pearlite,  then  we  must  infer  that  the  composition 
of  pearlite,  instead  of  being  constant,  varies  with  the  rate  of  cool- 
ing.  Such  conclusion,  however,  would  be  so  much  opposed  to 
many  important  evidences  which  we  have  concerning  the  consti¬ 
tution  of  pearlite  as  to  be  quite  untenable. 

I  o  throw  more  light  upon  the  nature  of  the  dark  constituent 
of  bigs.  1  and  2,  the  same  samples  were  examined  and  photo¬ 
graphed  under  higher  magnification,  as  shown  in  Figs.  3  and  4. 
1  lie  high-power  photograph  of  the  furnace-cooled  sample  includes 
a  particle  of  ferrite  and  some  of  the  surrounding  dark  constituent. 

t  w,  be  noticed  that  the  dark  constituent  exhibits  everywhere 
the  characteristic  structure  of  pearlite,  which  is  also  that  of  nearly 
eutectic  a  o\s.  It  is  made  up  of  parallel  plates  alternately  of 
one  and  the  other  constituent  (of  ferrite  and  cementite  in' the 
Ca M  °  stoc  '  "  *£-4  is  shown  a  high-power  photograph  of 

one  of  the  meshes  of  the  network  of  the  air-cooled  sample.  The 
dark  const, tuent  ,s  only  partially  laminated;  in  many  places  its 
strncturo  ,s  .  1-def.ned ;  ie  does  not  possess,  to  the  same  degree, 
the  structural  characteristics  of  eutectic  alloys. 

1  he  inference  from  these  considerations  must  necessarily  be, 


Fig.  3.  Saint;  as  Fig.  1.  Magnified  ioco  diameters. 


Fig-  4-  Same  as  Fig.  2.  Magnified  1000  diameters. 
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that  while  the  dark  constituent  of  the  furnace-cooled  sample  is 
true  pearlite,  the  corresponding  constituent  in  the  air-cooled  sample 
is  not  true  pearlite;  it  contains  more  iron  (more  ferrite)  than  true 
pearlite,  evidently  because  the  time  necessary  for  this  excess  of 
ferrite  to  segregate  (to  be  expelled)  was  denied  by  the  relatively 
rapid  cooling  of  this  sample. 

The  mechanism  controlling  the  formation  of  the  structure 
is  apparently  as  follows :  At  a  high  temperature,  the  whole  of  the 
carbon  is  diffused  through,  or  dissolved  in,  the  iron.  Steel  at 
this  temperature  has  rightly  been  compared  to  a  solid  solution  of 
iron  and  carbon.  This  solid  solution  can  be  retained  in  the  cold 
(partially,  at  least)  by  sudden  cooling,  the  resulting  constituent 
being  then  called  martensite.  Upon  slow  cooling,  however,  the 
solution  is  unable  to  retain  the  whole  of  the  iron ;  as  the  metal 
cools,  some  ferrite  falls  out  of  -solution,  and  if  the  cooling  be 
sufficiently  slow  a  stage  of  equilibrium  is  reached  at  each  tem¬ 
perature.  When  the  critical  temperature  is  attained,  the  remain¬ 
ing  solution  of  iron  and  carbon  reaches  the  composition  of  the 
eutectic  alloy  (that  is,  of  pearlite),  and  in  passing  through  the 
critical  range  the  carbon  enters  into  combination  with  some  of  the 
iron  still  holding  it  in  solution,  to  form  the  carbide  Fe;tC,  or 
cementite.  If  the  cooling  is  not  sufficiently  slow,  however,  to 
allow  this  stage  of  equilibrium  to  be  reached,  some  of  the  iron 
is  retained  by  the  dark  constituent,  which  therefore  never  reaches 
the  composition  of  true  pearlite,  and  which  might  then  be  called 
dilute  pearlite  or  ferrous  pearlite. 

It  is  evident,  from  what  precedes,  that  in  order  to  induce 
the  formation  of  true  pearlite  in  steel,  the  metal  must  be  cooled 
sufficiently  slowly  from  a  temperature  exceeding,  sav,  900°  C., 
to.  and  past,  the  critical  point;  the  rate  of  cooling  below  the 
critica  point  being  quite  immaterial.  If  the  time  necessary  for 
the  formation  of  true  pearlite  be  denied,  then  the  dark  constituent 
present  in  steel  is  of  a  different  character:  it  contains  a  smaller 
proportion  of  carbon,  and  assumes,  imperfectly  and  locallv  onlv. 
the  structural  characteristics  of  pearlite. 

It  should  also  be  remembered  that  since  the  formation  of 

,™C  C  CePCn  I"  UP°n  a  suff«l>-  slow  rate  of  cooling, 
this  constituent  will  be  more  rearim,  , 

in  those  of  small  dimen”™  '  Urge  P‘eCeS 

'I  he  authors  are  well  aware  that  other  writers  have  alluded 
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to  this  character  of  the  dark  constituent  of  relatively  quickly 
cooled  steel,  but  they  trust  that  they  have  brought  these  facts  to 
the  attention  of  those  interested  in  steel  more  forcibly  than  has 
ever  been  done  before. 

The  dilute  or  ferrous  pearlite  just  alluded  to,  and  resulting 
from  the  relatively  quick  cooling  of  steel  from  a  high  tempera¬ 
ture,  recalls  the  constituent  which  Osmond  has  called  sorbite, 
the  existence  of  which  has  been  and  is  still  doubted  by  some 
metallographists.  Sorbite,  however,  results  essentially  from  a 
relatively  quick  cooling  while  the  metal  is  passing  through  the 
critical  range,  in  such  a  way  that  the  critical  transformation  which 
results  in  the  production  of  true  pearlite  is  not  fully  completed. 
The  constituents  being  considered  here,  on  the  other  hand,  is  the 
result  of  relatively  quick  cooling  above  the  critical  point,  so  tiat 
it  retains  more  ferrite  than  true  pearlite,  and  occupies  a  arger 
proportion  of  the  mass.  Osmond  s  sorbite  does  not  necessari y 
contain  more  ferrite  than  true  pearlite.  Looking  into  the  matter 
more  closelv,  however,  it  will  be  seen  that  a  relatively  s  o\v  coo  ^ 
to  the  critical  point  almost  necessarily  means  the  same  rate  o 
cooling  through  the  critical  point;  so  that  the  characteristics  o 
sorbite  will  also  be  developed  in  this  dilute  pearlite,  unless  tie 
cooling  be  conducted  in  a  very  peculiar  way,  consisting  o  p 
cooling  to  the  critical  point,  and  of  slow  coo  hug  through  that 
point.'  It  appears  to  the  writers  that  the  dilute  pearlite  with 
which  they  are  now  concerned  may  properly  be  called  sorbite. 

To  select  another  name  for  it  might  lead  to  con  ;  ns 

Mmt  forced  steel  implements  are  air-cooled,  which  means 
.  lost  to  b  •  1  cooling  for  the  production  of 

m  the  majority  of  cases,  too  rapid  cooling  1 

true  nearlite  The  dark  constituent  of  forged  steel  which 
1  P  ‘  ,  tn  as  nearlite  is  seldom  true  pearlite;  in  the 

always  referred  to  as  pea^  witness  ^  network  structure 

majority  of  cases  t  j  u  containing  some  0.50  per  cent 

so  frequently  ^  »  steely  ^  ^  ^  ^  pjg  2 

long  ago  proposed  to  divide  pearlite  into  two  vanet.es, 
tli  1  liar  and  the  granular.  It  appears,  however,  that  if  the 
ar  “Jnt  d'oes  no,  exhibit  the  lanrinated  structure  of 
nearlite  it  consists  of  sorbite,  and  not  of  true  pearl, te.  Granular 
..  ’ .  nearlite  at  all,  but  sorbite, 

pear  re  m  moreoVer,  that  the  carbon  content  of  sorbite 

will  varv  with  the  rate  of  cooling.  It  is,  as  Osmond  has  rightly 


154 


The  Metcillographist 


said,  a  transition  constituent,  marking  a  step  in  the  transformation 
of  martensite  into  pearlite.  The  quicker  the  cooling  the  more  it 
will  approach  the  nature  of  martensite,  and  vice  versa. 

Several  interesting  questions  are  suggested  by  this  varying 
composition  of  the  dark  constituent  of  unhardened  steel.  Some 
of  them  will  be  briefly  mentioned  here. 

i.  What  is  the  difference  between  the  properties  of  a  steel 
whose  dark  constituent  consists  of  true  pearlite,  and  those  of  the 
same  metal  whose  dark  constituent  is  made  up  of  sorbite? 

Samples  of  steel  containing  0.55  per  cent  of  carbon,  and  to 
which  the  two  kinds  of  structure  had  been  imparted,  were  tested, 
and  it  was  found  that  the  network-structure  —  that  is.  the  struc¬ 
ture  in  which  the  dark  constituent  consists  of  sorbite  —  corre¬ 
sponded  to  a  greater  elastic  limit,  and  greater  tenacity,  but  to  a 
smaller  ductility.  Some  of  the  results  are  given  below : 


Treatment  of  Sample 

Character 
of  Dark 
Constituent 

Elastic 

Limit. 

Lbs  per 

Sq.  inch 

Tensile 

Strength. 

Lbs  per 

Sq.  inch 

Elongation. 

Per  Cent 
in  8  inches 

Reduction 
of  Area. 

Per  Cent 

Heated  to  1150°  C.  and 

cooled  with  furnace  .  . 

Pearlite  39,901  81,162 

17 

27.61 

Heated  to  1150°  C.  and 

cooled  in  air .... 

Sorbite  53,260  99,979 

12 

20.55 

,  2  ,Wiat  are  ^lc  ProPerties  of  pearlite  compared  to  those  of 

sorbite.'  To -answer  this  question  2  samples  of  steel,  in  the  shape 

o  >arb  /2  me  i  square,  should  be  procured,  containing  respectively 

about  0.60  and  0.80  per  cent  of  carbon,  and  as  far  as  possible 

containing  the  same  percentages  of  other  impurities.  The  first 

sample  should  be  heated  to,  say,  1,000°,  and  cooled  in  the  air.  We 

should  expect  to  find  that  it  rnncictc  1 1,,-.,.  c  ,  . 

,  ,  .  1  consists  then  of  a  mass  of  sorbite, 

ferr  ,7  Tl  T,led  f°r  "'e  ex«ss  of  iro"  *«rep.te  a, 

ferme.  The  second  sample  should  be  heated  to  the  same  ten.- 
perature  but  coo  ed  slowlv  in  r 

of  a  mass  of  true  ’  'he  fUr"a“-  14 

resJtive^irt'Jfr  ,"'0  -M-  will  indicate  the 

forS Tnder^h,  ,Pear'"e  a”d  sorbite  («  least  of  the  sorbite 

tormed  under  the  conditions  just  indicated). 
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3.  Seeing  that  sorbite  is  a  transition  form  between  marten¬ 
site  and  pearlite,  does  it  not  also  contain  its  carbon  jn  a  transi- 
torv  form  between  hardening  carbon  (the  condition  of  carbon 
in  martensite)  and  cement  carbon  (the  condition  of  carbon  in 
pearlite),  or  partly  as  hardening  and  partly  as  combined  carbon? 
Careful  analysis  by  the  colorimetric  method  of  samples  of  the 
same  steel,  but  containing  respectively  sorbite  and  pearlite,  should 
throw  much  light  upon  this  point.  It  can  be  reasonably  expected 
that  the  analysis  of  the  pearlite  steel  will  give  higher  results  than 
those  of  the  sorbite  steel. 

4.  When  it  is  attempted  to  judge  of  the  amount  of  carbon 
present  in  a  sample  of  steel  by  the  appearance  of  its  microstruc¬ 
ture,  the  variation  of  the  area  occupied  by  the  dark  constituent, 
with  the  rate  of  cooling,  as  described  in  these  pages,  should  be 
carefully  borne  in  mind,  otherwise  serious  errors  will  be  made. 
It  would  appear  that,  in  order  to  apply  this  method  w  ith  am 
degree  of  accuracy,  it  is  necessary  first  to  treat  the  samples  so 
as  to  cause  the  formation  of  true  pearlite.  With  this  precaution, 
the  authors  believe  that  the  method  will  give  results  comparing 
favorably  in  accuracy  with  the  colorimetric  methods. 

These  points  and  a  number  of  others  are  being  investigated 
in  the  metallographical  laboratory  of  Harvard  Lniversit}  ,  an 
the  authors  hope  to  be  able,  before  long,  to  publish  some  of  their 

results. 


ON  CERTAIN  PROPERTIES  OF  THE  ALLOYS  OF  THE 
GOLD-SILVER  SERIES  * 

By  the  late  Sir  W.  C.  ROBERTS-AUSTEN  and  T.  K.  ROSE 

IN  ,  former  communication  to  tire  Society!  the  curve  of  the 
1  initial  freezing  points  of  the  alloys  of  gold  and  copper  a 
some  micrographic  evidence  as  to  their  structure  were  given  and 
it  was  shown  that  according  to  the  theory  of  solutions  the  alloys 
rich  in  gold  should  not  be  homogeneous  after  they  have  sohdtfted. 
The  fact  that  they  are  not  uniform  was  confirmed  by  analysts. 
The  subject  has.  however,  more  than  theoretical  interest,  and  the 

*  Read  before  the  Royale  Society,  December  n,  1902. 
t  Roy.  Soc .  Pro.y  Vol.  67,  1900,  p.  105. 
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inference  was  drawn  that  standard  gold,  which  consists  of  eleven 
parts  by  weight  of  gold  to  one  of  copper,  is  unsuitable  as  a  material 
for  the  preparation  of  the  trial  plates  by  which  the  standard  of 
the  coinage  is  tested.  These  trial  plates  according  to  law  must 
contain  916.6  parts  of  gold  and  83.3  of  “  alloy,”  that  is  of  some 
other  metal,  and  it  remained  to  be  determined  what  the  other 
metal  should  be. 

It  will  be  at  once  apparent  that  the  alloy  or  mixture  of  the 
two  metals  must,  if  the  cold  mass  is  to  be  uniform,  solidify  as  a 
whole,  that  is  to  say,  that  the  crystals  first  formed  should  be  of 


he  same  composition  as  the  mother  liquor,  and  this  condition  can 
be  fulfilled  by  isomorphous  mixtures  only.  It  has  long  been 
recogmaed  that  the  gold-silver  alloys  are  cases  of  isomorphism, 

elf  o  „or'  d  '’’l  ?'?.“*  ‘he  freezing-point  curve  of  the 
senes  followed  a  straight  hue  if  the  percentages  by  weight  of  the 
constituents  were  taken  as  abscissae. 

alloJbdnr  mad!8  re'?etermined  bX  experiment,  a  number  of 

I  uls  rl'T,  T°rPkk  reCOTds  taken  of  their  cool- 

“1,  i  ,  -b' ,  Rob  A"sten  reeording  pyrometer  The 
icsults  obtained  are  mven  in  the  fnii^  •  , ,  uin«er. 

Diotterl  in  Ficr  T  u  following  table,  and  have  been 

plotted  in  rig.  1,  m  which  the  abscise  are  „+  •  c 

me  metals  in  the  alloys  The  free  are.atomic  Proportions  of 
1<o64o  7  lhe  feezing  point  of  gold  was  taken 


*  Bull .  de  la  Soc  d'F**s*. 

oc'  11  ncoj*ragementy  Oct.,  i 
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Percentage  of  gold  present  in  alloy 

— A_ 

f - 

By  weight 

\ 

In  atoms 

Freezing  point 

100 

IOO 

1,064° 

80.99 

70.25 

I,o6l 

64.60 

49-97 

I,o6l 

54.80 

39-89 

1,046 

43-98 

30.07 

1,044 

31-71 

20.28 

1,028 

17-23 

IO.23 

1,001 

The  following  points 

had  been  observed  by  Heycock  and 

Neville  :* 

2.26 

1-25 

962° 

0.91 

0.50 

961 

0 

0 

960 

It  will  be  seen  that  Gautier’s  conclusion  is  substantially  con¬ 
firmed,  but  it  was  observed,  as  one  of  us  had  previously  pointed 
out,f  that  the  first  additions  of  silver  did  not  depress  the  freezing 
point  of  gold.  So  far  does  this  property  extend  that  even  the 
alloy  containing  50  atoms  of  gold  to  50  of,  silver,  or  64.6  per  cent 
of  gold  by  weight,  solidifies  at  1,061°,  which  is  only  30  below 
the  freezing  point  of  pure  gold.  With  further  additions  of  silver 
there  is  a  steady  acceleration  in  the  rate  of  lowering  of  the  point 
of  solidification  so  that  the  freezing-point  curve  of  the  series  has 
no  double  flexure,  unless  one  is  indicated  near  the  silver  end  of 
the  curve  by  Heycock  and  Neville’s  results. 

There  is,  of  course,  no  eutectic  alloy  observable  in  any  mem¬ 
ber  of  the  series. 

The  alloys  all  consist  of  large  grains,  but  these  are  built  up 
of  smaller  grains  so  that  the  ultimate  structure  is  exceedingly 
minute.  When  magnified  i,5°°  diameters  the  grains  appear  as 
small  irregular  crystals  of  the  cubic  system  (see  Fig.  2).  In  order 
to  develop  any  segregation  that  might  take  place,  an  ingot  of  the 
standard  alloy  containing  91.66  per  cent  of  gold  by  weight  was 
heated  for  2  months  in  one  of  the  annealing  furnaces  at  the  Roval 
Mint,  the  temperature  of  which  was  kept  at  about  700°  by  day, 
but  fell  to  about  ioo°  at  night.  The  maximum  temperature 


*  Phil.  Trans.,  A,  Vol.  189,  1897,  p.  69. 

t  Roberts- Austen,  Proc.  Inst.  Mechanical  Engineers,  1891,  p.  564  (14769). 
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attained  was  over  300°  below  the  fusing  point  of  the  alloy,  and 
the  sharpness  of  the  angles  of  the  specimen  had  suffered  no 
change.  After  this  treatment  it  was  found  that  the  grains  had 
increased  in  size,  and  the  crystals  forming  them  had  become  well 
developed,  as  shown  in  Fig.  3,  in  which  the  structure  is  magnified 
1,500  diameters.  No  true  segregation,  however,  could  be  de¬ 
tected  even  in  this  ingot,  either  by  analysis  or  by  the  microscope, 
and  plates  prepared  by  rolling  out  ingots  containing  916.6  parts 
by  weight  of  gold,  and  83.3  parts  of  silver,  were  found  on 
analysis  to  be  uniform  in  composition. 

The  ancient  trial  plates,  according  to  the  analysis  made  by 


Fig.  2. 


Fig.  3- 


one  of  us,*  consist  of  a  triple  alloy  of  gold,  silver,  and  copper. 
The  earliest  one  in  existence  was  made  in  1527,  the  year  following 
the  first  introduction  of  the  standard  916.6.  This  plate  contained 
only  0.62  per  cent  of  copper,  and  was  probably  intended  to  consist 
of  gold  and  silver  only.  All  subsequent  plates,  however,  down  to 
that  made  in  1829,  contained  much  larger  amounts  of  copper. 
Inr  1873  it  was  determined  to  omit  the  silver  and  to  use  only 
copper  as  the  alloying  metal,  and  thus  to  preserve  identity  of 
composition  between  the  trial  plate  made  in  that  year  and  the 


*  Roberts-Austen,  Chem.  Soc.  Journal,  1874,  p.  197. 
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coinage.  In  view,  however,  of  the  importance  of  obtaining  ho¬ 
mogeneous  trial  plates  and  of  the  ease  with  which  the  exact 
quantity  of  copper  required  to  make  the  assay  pieces  identical  in 
composition  can  be  added  to  the  pieces  of  the  trial  plate  during 
the  course  of  the  assays,  it  is  preferable  to  use  only  silver  as  the 
alloying  metal  in  the  manufacture  of  the  trial  plates. 

Such  an  alloy  has  accordingly  been  used  at  the  Royal  Mint 
since  the  beginning  of  the  present  year  instead  of  fine  gold  for 
checks  in  the  assay  of  standard  bars  and  coins.  In  view  of  the 
minute  accuracy  with  which  the  operations  of  coinage  have  to 
be  conducted,  this  is  a  matter  of  much  importance.  By  this 
method  any  errors  are  avoided  which  might  be  caused  by  acci¬ 
dental  variations  in  weights  occurring  after  the  trial  plates  have 
been  made. 


CONCERNING  THE  RAIL  SITUATION  * 

THE  special  report  made  by  Mr.  Dudley  to  Mr.  Wilgus, 
which  is  printed  on  another  page,  gives  an  opportunity 
to  say  a  word  about  the  rail  situation.  It  will  be  lemembered 
that  the  American  Society  of  Civil  Engineers  has  a  special  com¬ 
mittee  (appointed  a  few  months  ago)  to  consider  the  w  o  e 
subject  of  the  rail  sections,  of  mill  practice  and  of  specification 
and  inspection.  Quite  lately  a  committee  of  representatives  of 
the  mills  has  been  formed  to  work  with  the  committee  o  tie 
American  Society  of  Civil  Engineers.  Last  week  these  two  com¬ 
mittees  met  in  New  York,  separately  at  first,  and  then  in  joint 
session.  It  would  not  be  appropriate  or  desirable  to  report  in 
detail  the  discussions  at  those  sessions,  even  if  we  knew  them. 
Thev  were  quite  informal.  The  main  object,  as  we  understand, 
was  to  clear  the  ground  and  to  prepare  for  common  action 

It  may  not  be  amiss  to  state  again  the  main  facts  of  the 

situation.^  probably  evervbodv  who  has  paid  any  attention  to  the 

metallurgv  of  steel  in  recent  years,  and  particularly  to  making 
rails  is  by  this  time  thoroughly  aware  of  the  fact  that  the 


*  The  Railroad  Gazette,  January  30,  1903. 
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structure  of  steel  depends  much  upon  the  finishing  temperature; 
and  in  consequence  of  the  spread  of  this  knowledge  there  has 
come  about  a  definite  and  general  notion  that  the  final  passes  on 
rails  must  be  made  at  a  lower  temperature  than  is  now  common. 
Nobody  disputes  this  position. 

Second:  It  is  pretty  generally  conceded  that  the  railroads 
are  disappointed  in  the  results  which  they  have  got  from  the 
recent  heavy  sections.  They  do  not  get  service  enough  to  com¬ 
pensate  for  the  money  paid  for  the  additional  weight.  This  is 
matter  of  general  knowledge.  A  chief  engineer  has  lately  said 
to  us.  The  combination  among  the  rail  makers  is  resulting  in 
a  constant  deterioration  in  the  quality  of  the  material  we  are 
receiving  and  we  ought  to  do  all  we  can  to  counteract  this  ten¬ 
dency.  We  do  not  accept  or  reject  this  opinion;  we  merely 
give  it  as  a  specimen  of  what  we  often  hear. 

Third :  It  has  been  thought  by  a  good  many  people  that  a 
still  better  balance  of  the  standard  sections  would  help  to  secure 
a  lower  finishing  temperature  and,  consequently,  a  better  in¬ 
ternal  structure.  This  means  a  transfer  of  a  part  of  the  metal 
put  in  the  head  of  the  American  Society  standard  sections  to 
the  flange,  and  this  idea  probably  had  more  to  do  than  any  other 
one  consideration  in  bringing  about  the  appointment  of  the 
American  Society’s  committee;  although  it  is  only  one  of  the 
considerations  which  led  to  the  formation  of  that  committee. 

r  4-  T1.  i  t  ^aS  ma*ntained  and  is  maintained  by  many 

ia  a  s  rin  -age  clause  in  rail  specifications  would  help  to  secure 
a  lower  finishing  temperature.  That  is,  it  is  obvious  that  if, 

the  raiW^  ^  rad  are  set  30  ft.  7  in.  apart 

set  -jo  f,-  aip 7/C  •  e  iVered  to  the  saws  hotter  than  if  the  saws  are 

that  a  shrinkap”  Tllere  are  makers  who  do  not  believe 

ted  eve  ft  d  SpKlhca^?  wiU  antral  the  structure  of  the 
steei  even  it  it  does  control  i  • 

Fifth:  Various  methods  of  ml  T®  tcmperature- 
secure  the  results  which  everybody  Z  "!  "°W  “*?  !° 

thorough  working  a.  low  temperate TL  lenn^ordsol 
process,  as  used  at  the  Edp-ar  Ti  *.enneay-Momson 

That  process  delays  the  rat  mi"S’  *  °ne  °f 

rolls,  and  must  be  familiar  our  reader?  Th  T^Th 

is  practiced  at  Sparrows  Point  is  dJ 1 \  -The  method  which 
port  printed  in  this  issue.  cnbed  in  Mr.  Dudley’s  re- 
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This  is  a  short  statement  of  the  situation.  The  American 
Society’s  committee,  so  far  as  we  are  informed,  would  not  now 
recommend  any  change  of  section.  What  it  may  be  led  to  do 
bv  further  information  of  course  we  shall  not  try  to  conjecture. 
The  committee  would  not  with  its  present  information  try  to 
lay  down  specifications  of  chemical  composition  or  mill  treat¬ 
ment.  The  attitude  of  the  committee,  so  far  as  we  can  judge, 
is  to  let  the  makers  agree  as  to  what  is  necessary  in  order  that 
they  may  give  the  results  sought,  namely,  a  better  and  more 
constant  quality  of  finished  steel.  If  the  rail  makers  agree  that 
it  will  be  for  the  interest  of  the  art  to  make  some  modification 
in  the  American  Society’s  standard  sections,  we  suppose  the 
committee  will  recommend  such  modification.  The  representa¬ 
tives  of  the  rail  makers,  so  far  as  we  are  informed,  do  not  think 
that  any  change  of  section  is  necessary,  but  on  this  they  are  not 
agreed,  and  this  appears  to  be  only  a  tentative  opinion. 

As  the  matter  now  stands,  the  American  Society  s  com¬ 
mittee  will  probably  state  with  some  definiteness  its  questions 
and  requirements  and  the  rail  makers  committee  will  take  these 
up  and  answer  them  as  from  the  whole  body  of  manufacturers. 
This,  we  believe,  is  a  fair  statement  of  the  present  situation, 
and  this  situation  seems  very  promising.  The  attitude  of  the 
engineers  is  conservative  and  reasonable,  and  the  attitude  of  the 
rail  makers  is  reasonable  and  liberal,  and  it  is  prett\  certain 
that  good  and  lasting  results  will  be  worked  out  by  the  two 
committees.  Obviously,  a  matter  so  intricate,  involving  so  many 
disputed  technical  points,  to  say  nothing  of  business  interests, 
cannot  be  settled  at  once  out  of  hand. 
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NON -EXPANSIVE  ALLOYS* 

Ey  C.  E.  GUILLAUME 

THE  criticism  by  Dr.  Stillman,  at  page  1075,  Vol.  25,  of 
the  new  nickel  steel  has  not  surprised  me  in  the  least. 
It  is  certainly  difficult  to  imagine,  a  priori,  how  it  can  be  that 
the  mixture  of  iron  and  nickel,  of  which  the  expansions  are 
respectively  11.5  and  12.5  millimeters,  can  give  a  substance 
having  sensibly  no  expansion.  Yet  the  fact  exists,  and  alloys 
with  little  expansibility  exist  to-day  —  prepared  no  longer  as  curi¬ 
osities  of  the  laboratory,  but  in  the  state  of  industrial  products, 
of  which  the  employment  increases  from  day  to  day,  as  I  will 
indicate  later  on. 

Assuredly  it  is  not  very  easy  to  understand  how  —  that  is 
to  say,  by  the  action  of  what  secret  mechanism  —  the  alloys, 
sensible  non-expansive  may  exist.  For  several  years  I  have 
tried  to  show  an  outline  of  their  theory,  founded  on  the  idea  of 
a  chemical  equilibrium  variable  with  the  temperature,  and  it  is 
to  this  general  idea  that  the  discussion  pertains  still;  but  under 
tliib  va^ue  form,  the  theory  is  not  sufficiently  explicit,  and  I 
should  admit  that  all  the  attempts  at  specialization  still  encounter 

,  |me,  ( '  1C^^es‘  ^ et  one  vyM  readily  recognize  the  idea  of 

M.  Osmond,  according  to  which  the  passage  of  iron  from 
j amnia  to  the  state  Alpha  by  lowering  of  the  temper- 

QuerstinnUgTt  ‘V  ^  .important  in  the  phenomena  in 

is  nroduce  1  'SU‘  'T!’  ln.effect)  to  admit  that  this  passage,  which 

“  £ 1n Z  1Sfated,lr°n’  at  an  Clevated  temperature,  and  in 
a  limited  interval,  is  brought  down  v 

nnd  •  d°wn  to  ordinary  temperatures 

ana  spread  over  a  great  interval  J  v 

the  pvistpnrp  r>f  ci;  1  *1  ‘  ’  111  order  to  explain  perfectk 

the  existence  of  slightly  expansible  alloys.  This  theory  is  sup¬ 
ported  by  a  great  number  of  facts  hm  i  ,  ,  '  , 

will  be  convinced  that  it  is  vet  in  ’  i  °°king  closel>’’  one 
be  provisorily  admitted  as  one  of  the  ^  ^  Meanwhlle  Wl11 
zations  from  the  general  idea  that  I  ha^ufforth1* 

*  Being  a  letter  sent  to  the  Anierica»Af^~  ] - 

Guillaume,  the  distinguished  associate  director  T^v,  ^  8’  I9°3,  by  Mr'  C‘  E‘ 
\V eights  and  Measures,  whose  fruitful  experim  °  •  6  Internati°nal  Bureau  of 

Iron  Alloys  have  been  so  skilfully  conducted  ^  ^  1IU°  tbe  proPerties  of  Nickel- 
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The  publications  that  I  send  you  will  give  you  an  idea  of 
the  various  properties  of  the  new  alloys.  You  will  see  further 
that  this  has  no  longer  the  aspect  of  an  isolated  observation, 
early  given  publicity,  but  indeed  a  series  of  investigations  sys¬ 
tematically  conducted  through  the  cooperation  of  that  powerful 
metallurgical  organization,  the  Societe  de  Commentry-Fourcham- 
bault  at  Decazeville,  with  the  International  Bureau  of  Weights 
and  Measures,  specially  equipped  for  this  sort  of  research. 

Not  only  the  conditions  of  the  existence  of  slightly  expan¬ 
sible  alloys  have  been  fixed,  but  further,  this  existence  has  been 
connected  with  a  series  of  anomalies  which  embrace  all  the  alloys 
of  iron  and  nickel  and  extend  to  all  their  properties. 

Few  publications  on  these  questions  have  hitherto  been  made 
in  the  English  language ;  yet  a  demonstration  of  the  properties 
of  these  alloys  was  given  in  the  Royal  Society  Soiree  of  May  19, 
1897,  to  which  I  was  graciously  invited.  It  was  repeated  by 
Sir  W.  Roberts- Austen,  at  the  meeting  of  the  Britannic  Asso¬ 
ciation,  which  took  place  at  Toronto,  in  the  autumn  of  the  same 
year.  Finally,  an  article  appeared  in  the  Engineering  Magazine 
of  October,  1901. 

The  applications  of  nickel  steels  founded  on  their  anomaly 
of  expansion  have  not  delayed  in  coming  forward,  foda}  there 
is  not  a  clock  of  precision  manufactured  in  Germany  that  does 
not  carry  a  pendulum  with  a  nickel-steel  rod,  allowing  the  dis¬ 
use  of  mercury  for  compensation.  If  I  cite  particularly  Ger¬ 
many  for  this  application,  it  is  because  the  new  pendulum  has 
spread  there  with  astonishing  rapidity;  but  they  are  made  in 
other  countries  also;  notably  France  and  Switzerland,  although 

less  exclusivelv.  . 

Among  the  scientific  applications  of  slightly  expansible  al¬ 
loys  I  will  cite  in  the  first  place  their  employment  in  geodetic 
instruments  whether  for  the  measurement  of  bases  or  even  in 
theodolites  for  the  measurement  of  angles,  as  well  as  in  the 
leveling  apparatus  adopted  by  the  United  States  Coast  and  Geo¬ 
detic  Survey  Base  instruments  have  already  been  delivered 
or  are  under  construction  for  the  geodetic  services  of  Germany, 
France  Japan,  Mexico,  Roumania  and  Russia.  Others  have 
been  employed’ by  the  Swiss-Russian  expedition  of  Spitzbergen, 
by  Sir  D.  Gill  in  Cape  Colony  and  Rhodesia,  by  the  geograph¬ 
ical  service  of  the  French  army,  and  by  the  hydrographic  service 
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of  the  navy  at  Madagascar,  at  Tonkin  and  in  other  colonies. 
And  especially  the  very  small  expansion  of  the  instruments  has 
rendered  the  service  the  greater  as  the  measure  of  the  temper¬ 
ature  was  the  more  difficult. 

Another  anomaly  intimately  connected  with  that  to  which 
I  have  alluded  has  allowed  another  application  quite  unexpected. 
It  is  known,  thanks  to  the  work  of  Dent,  that  a  chronometer 
compensating  by  ordinary  means  for  two  temperatures  does  not 
do  so  for  others.  In  recent  decades  the  horologers,  especial!) 
in  England,  have  put  forth  much  ingenuity  and  great  deftness 
to  obtain,  by  mechanical  processes,  a  complete  compensation. 
They  have  practically  accomplished  the  task  in  many  cases, 
but  with  an  appreciable  increase  of  complication  in  the  con¬ 
struction  of  the  chronometers. 

But  by  suitably  combining  in  a  balance  of  ordinary  form 
a  nickel  steel  properly  chosen,  with  the  brass  generally  employed 
in  the  “  bclamc,"  a  complete  compensation  is  effected  while 
preserving  a  stability  of  movement  which  leaves  nothing  to  be 
desired.  On  this  question,  the  last  report  of  the  Director  of  the 
Observatory  of  Xeuchatel  is  very  explicit. 

Finally,  it  may  be  remarked  that,  by  adding  iron  or  nickel 
to  the  least  expansive  alloy,  alloys  may  be  obtained  possessing 
such  expansion  as  is  desired.  The  most  important,  from  an  in¬ 
dustrial  point  of  view,  is  certainly  that  which  possesses  the 
expansion  of  glass,  which  hitherto  has  only  been  reproduced 
among  the  metals  by  platinum.  Owing  to  the  unstinted  con¬ 
sumption  of  platinum,  which  is  needed  in  the  manufacture  of 
incandescent  lanmps,  the  price  has  become  exorbitant,  which  ren¬ 
ders  it  less  and  less  available  within  the  means  of  laboratories. 

For  some  time  the  Societe  de  Commentry-Fourchambault  et 
Decaze\ille  has  been  delivering  commercially  under  the  name 
plutiniti  an  alloy  which  absolutely  replaces  platinum  for  this  par¬ 
ticular  use  and  several  important  lamp  factories  have  completely 
renounced  the  employment  of  the  precious  metal.  Up  to  the 
present,  several  tens  of  kilogrammes  of  platinum  have  thus  b«-en 
rendered  able  to  return  to  circulation,  and  I  do  not  doubt  tlut 
when  this  application  of  the  new  alloys  becomes  better  know 
a  most  all  the  platinum  used  in  lamp  manufacture,  and  which 
°rnas  nearly  a  third  of  the  annual  production,  will  be  return 
to  the  industries  which  cannot  dispense  with  it  and  to  the  lab* 
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oratories  which,  by  reason  of  the  high  price  of  the  metal,  are 
obliged  to  use  less  and  less. 


THE  MICROSCOPE  IN  CRUCIBLE  STEEL  MANUFACTURE* 

By  JAMES  J.  MAHON 

AyAHE  technical  journals  in  the  past  few  years  have  devoted 
A  considerable  space  to  the  microscope  and  its  relative  value 
in  the  manufacture  of  fine  steel.  Practically  all  the  experiments 
made  and  illustrations  shown  indicate  that  the  microscopic  ex¬ 
aminations  have  been  made  after  the  steel  has  been  subjected 
to  some  form  of  treatment.  The  writer  s  opinion  is  that  the 
microscope,  in  order  to  be  of  any  practical  assistance  to  the 
manufacturer  of  fine  steel,  should  be  used  on  the  ingot  imme¬ 
diately  after  it  is  cast.  The  manufacturer  of  good  crucible  steel 
must  in  the  first  place  use  the  best  of  materials,  principalh 
good  iron.  Good  steel  cannot  be  made  from  poor  iron,  even 
with  the  assistance  of  the  microscope.  As  soon  as  the  ingot  is 
cast,  it  is  then  either  good  steel  or  bad  steel,  and  its  qualities 
should  be  determined  right  then  and  there.  If  the  ingot  shows 
that  the  refining  process  has  been  incomplete  and  consequently 
the  elements  not  properly  combined,  there  is  only  one  treatment 
which  the  ingot  should  undergo  and  that  is  to  cut  it  up  and 
melt  it  over  again.  While  we  hear  and  read  a  great  deal  of  the 
results  of  different  forms  of  heat  treatment  we  must  still  bear 
in  mind  that  while  good  steel  can  be  spoiled  by  bad  treatment, 
bad  steel  cannot  be  converted  into  good  steel  by  any  kind  of 
treatment  except  by  remelting  it.  Consequently  the  time  to  de¬ 
termine  the  quality  of  the  steel  is  immediately  after  it  is  cast 
The  microscope  has  demonstrated  one  fact,  and  that  is  that  it 
is  impossible  to  determine  whether  an  ingot  has  been  properly 
melted  bv  an  examination  of  the  fracture  with  the  naked  eye. 
The  most  essential  thing  in  connection  with  the  manufacture 
•  of  high-grade  crucible  steel  is  the  amount  and  quality  of  iron 
which  the  mixture  contains.  The  quality  of  the  iron  cannot  be 
determined  by  chemical  analysis  alone,  as  some  makes  of  iron, 
*  The  Iron  Age,  Jan.  8.  1903. 
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although  very  low  in  both  phosphorus  and  sulphur,  do  not  make 
as  fine  a  quality  of  steel  as  other  makes  of  iron  which  contain 
double  the  amount  of  those  impurities.  Although  at  the  present 
time  there  are  many  ways  of  determining  the  qualities  of  iron 
for  melting  purposes,  at  the  same  time  it  is  the  writer’s  opinion 
that  the  microscope  can  be  of  considerable  assistance  to  the 
manufacturer  in  selecting  iron  which  will  have  the  capacity  to 
withstand  the  strains  and  work  put  upon  it  after  it  has  been 
converted  into  steel.  The  next  essential  thing  is  to  properly 
refine  or  melt  the  charge  which  the  crucible  contains.  The 
temperature  required  to  do  this  depends  upon  what  the  mixture 
is  composed  of.  The  old  process  of  “  killing  ”  is  all  right  so 
far  as  it  goes,  but  what  is  more  essential  than  the  “  killing  ”  or 
the  length  of  time  it  takes  to  perform  the  operation  is  the  tem¬ 
perature  of  the  metal  during  the  operation.  In  fact,  it  is  possible 
that  the  mixture  may  be  composed  of  such  materials  that  they 
cannot  be  combined  into  a  homogeneous  state  in  a  single  oper- 
atiom  The  next  question  to  consider  after  the  ingot  is  cast  is 
\\  uther  tlu  refining  process  has  been  complete,  whether  the 
ingot  is  practically  homogeneous  or  not.  Until  that  point  can 
C  .  ^terrnine<^»  why  go  any  further  and  waste  time  and  money 
without  getting  any  positive  results?  Especially  is  this  so  when 
ucting  costly  experiments  with  steel  made  from  different 
J.1  .inatlGnS.  ^  *s  not  much  satisfaction  to  find  out  with  the 
tle  microscope  after  the  tests  are  all  over  that 

scone  1  h6  *?  had  n0t  been  Pr°Perly  melted.  The  micro- 

as  nn  C  °  gfeat  assistance  to  the  steel  manufacturer,  not 

to  determine  t0  ^  Used  at  ^le  post-mortem  examination 

instrument  rT  CaUS?  °f  death  of  thc  Patienb  but  rather  as  an 

is  still  in  a  °  (  hi^  *  a  SOUrCe  °*  tlle  ailment  while  the  patient 
__L  a  curaWe  condition  * 

in  the  way  suggested"^  °f  th®  microscoPe  when  appI,ecI 

the  assistance  to  be  derived^ Iron  ^  -derestimate 

such  examination  is  to  prevent  the  P°Sj*m°rtem  examination.  If  the  result  of 
then  the  importance  of  the  m a  °f  °ther  patients  from  the  same  disea^  , 
w.,a,  it  does.  “d  M  U 

moment.  Special  subjects  for  oost.mo«  ‘°  many  is  of  reIatively  1,ttU 
pared,  whose  loss  need  not  b  em  exam*nat*on»  moreover,  may  be  prt 

already  thrown  so  much  litrhminn^Ti!^  ^  a°y  °ne*  This  method  which  ha 
we  believe,  continue  to  be  c  C  rational  treatment  of  iron  and  steel  will, 

u  ine  m<>st  fruitful. — £d% 


Eutectic  or  Benmutic ? 


167 


EUTECTIC  OR  BENMUTIC?  * 

M.  Osmond  uses  the  expression  “  hyper-eutectic  steel  to  indi¬ 
cate  steel  containing  more  than  the  pearlite  ratio  of  0.80  per 
of  carbon,  and  »  hypoeutectic  steel  ”  to  indicate  steel  containing  less 
than  that.  In  the  same  way  he  would  no  doubt  speak  ° 
steel  as  steel  containing  exactly  this  pearlite  ratio  Sessions' 
ever,  brings  up  a  serious  objection  to  the  use  of  these  expres  • 
The  eutectic,  following  Guthries  origina  use  of  he  word,  » 
the  most  fusible  alloy  in  a  given  series  of  alloys, 
range  of  that  series,  and  eutectic  steel  should  therefore  mean  the 

most  fusible  steel.  M.  Osmond  applies  ‘ut 

Euse  be 

borrows  this  term  “  eutectic,  which  c  “r^formation  within  the 
cation,  and  applies  it  to  phenomen  ^  j  and  at  first  sight 

already  solidified  mass.  This  is  a  ve  .  Q{  this 

^  course,  but  the  serious  „  nol  the 

composition  is  not  eutectic  in  Gv  to  steei  of  the 

most  fusible  steel.  M.  Osmond  app  les  ^i  use  Qf  the  term 
.cntttnv  found  much  confusion  to  s„B8es,  a  dif- 

with  students,  and  as  a  teacher 

ferent  term.  .  , ,  .  ell  to  indicate  the  fact  that 

It  appears  to  me  that  it  wo  {ormation  point  as  distin- 

this  steel  is  the  steel  of  lowest  ^  an  adjective  which 

guished  from  lowest  melting  pG1"  ’  •  ts  and  does  not  refer  to 

refers  distinctly  to  transforma  10  tjiat  jd.  Osmond’s  ex- 

melting  points,  for  it  is  by  confusiD„.  What  we  need,  then 

pression  “  eutectic  steel  indicate  that  the  steel  is  of  the 

is  some  term  which  sha  the  next  question  is,  what  term 

lowest  transformation  pom 

shall  we  use?  t,  Greek,  but  unfortunately  there 

We  naturally  turn  represent  transformation.  Eutectic 

is  no  short  Greek  ^  correSponding  term  to  expressed 

means  “  well  melting,  a  — — -  the  Kditor,  in  the  Engineering  and 

~  a  This  article  appeal.  *5  *  and  the  discussion  which  follow  was  also 
Mining  Journal  for  January  respectively  in  the  issues  for  February  ,8, 

addressed  to  this  JoU 
March  7  and  2i* 
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or  other  alloys  of  lowest  transformation  point  might  be  either 
“  eumetallactic  ”  or  “eumetamorphic.” 

Both  of  these  words  seem  to  be  wholly  unsuitable.  “  Eumetal- 
lactie  "  means  literally  “  well  changing,”  but  then  everybody  would 
suppose  the  letters  “  m-e-t-a-1  ”  referred  in  some  way  to  the  com¬ 
mon  English  word  metal,  and  their  reference  to  transformation 
would  not  be  seen.  “  Eumetamorphic,”  on  the  other  hand,  is  in¬ 
tolerably  long  and  cumbersome.  If  we  were  to  speak  of  “  hyper- 
eumetamorphic  steel”  we  should  use  shocking  jargon. 

I  nder  these  conditions,  I  propose  that  we  turn  to  Latin,  and 
I  suggest  the  word  “  benmutic,”  which  evidently  means  “  well- 
transforming,”  and  therefore  is  quite  parallel  with  Guthrie’s  term, 
eutectic  or  well  melting.”  The  expression  “  benmutic  steel  ” 
or  "  benmutic  alloy  ”  would  mean  the  steel  or  alloy  of  the  lowest 
transformation  point,  and  it  would  not  confuse  the  reader  by  need¬ 
less  reference  to  the  melting  point.  In  this  case  “  benmutic  steel  ” 
would  be  that  with  0.80  per  cent  of  carbon.  Steel  with  less 
than  this  amount  would  be  called  “  sub-benmutic  ”  and  that  with 
more  t  an  this  amount  super-benmutic.”  I  can  see  no  ob¬ 
jection  to  the  expressions,  but  I  should  be  glad  to  hear  how  they 
strike  your  readers. 

i  .  i  I,f,thlS  tCT  wasadoPted,  then  the  term  “  eutectic  iron  ”  should 
■  C.  t0.  rL . er  strictl-v  to  ‘ron  containing  4.3  per  cent  of  car- 
•  ’  ,lei.1Ir°n  °f  the  ,lovvest  meIti»g  point  and  “  hypoeutectic 

f  ^n<.  pereutectic  iron”  should  respectively  refer  the 

latter  O  lr°n  COnteming  less  than  4-3  per  cent  of  carbon,  and  the 
latter  to  iron  containing  more  than  this  amount. 

loffraohv^Lr  an0t*lcr  po‘nt  ln  "’hich  the  nomenclature  of  metal- 
toT  tL  r  ;Ced,an  additi011‘  Abo'e  the  critical  range.  A, 
When  the  IZ 1  iT  °f  Sted  Unite  to  {o™  a  solid  solution. 

"X  ,,,is  soimio"  •—  ■» 

this  dissociation  is  comolete  d  “mentlte-  If  the  cooling  is  slow 
consists  of  ferrite  and  cememhe  U  IhZZ  ^  ZZ  if 
change  from  solid  solution  into  felt  anH  ^  ^ 

plete,  and  the  decomposition  of.h  r/,  Cementlte  15  inCOU’ 
arrested.  Different  rates  ,,f  l  S°  ‘d  solutlon  1S  more  or  le" 
stages  of  decomposition  products'fnT  f  Zu  differe,U 

definite  names  have  been  assigned  bvM  nV  1  “T 

sorbite  and  troostite.  We  hive  2  M'  °smond>  v,z-  martensite 

c  the  anomaly  then  of  assigning 
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definite  names  to  the  decomposition  products  of  this'  solid  solution, 
and  yet  having  no  name  at  all  for  the  solid  solution  itself.  After 
long  experience  in  teaching  this  subject  to  many  classes  of  stu¬ 
dents  I  have  become  convinced  that  it  is  desirable  that  the  solid  so¬ 
lution  itself  should  have  a  definite  name  to  facilitate  description 
and  discussion,  and  for  it  I  propose  “  osmondite.”  It  is  indeed 
wrong  that  the  name  of  one  whom  Stead  has  called  the  great¬ 
est  of  metallographic  micrographers,  should  not  be  represented 
in  the  nomenclature  of  the  subject. 

There  is  a  widespread  objection  to  the  multiplication  of  these 
specific  names  for  the  different  metallographic  entities.  I  his  oh 
jection,  however,  is,  I  think,  ill  founded.  It  appears  to  me  to  arise 
from  the  fact  that  most  metallographists  are  more  familiar  with 
chemistry  than  with  the  other  branches  of  natural  science.  In 
chemistry  specific  names  for  chemical  compounds  are  not  neces¬ 
sary  or  desirable  for  the  reason  that  the  composition  of  the  sub¬ 
stance  itself  (sodium  chloride,  ferric  oxide,  etc.),  is  a  su  IC1®*  *  - 
clear  name  for  the  substance.  But  in  other  branches  o  natura 
science  in  general  this  is  not  the  case.  In  anatomy,  lotany, 
ogy,  petrography,  and  best  of  all.  for  a  simile,  m  mineralogy 
would  be  intolerable  to  try  to  get  along  without  specific  names. 
Their  convenience  is  so  great  as  to  outweigh  every  possible  ob 

jeCtiWe  are  in  the  infancy  of  metallography,  and  the  number  of 
v\e  are  -  ■  to  come  into  the  discussions  of 

different  entities  which  are  g  enormousl>,  In 

metallographists,  will  m  the  ^  ^  specific  nanies,  either 

many  cases  it  will  not  be  -  it  be  sufficiently 

because  the  entity  is  in  the  case  of  the 

described  by  its  chemical  P  ^  crkical  temperature  a 

solid  solution  of  'r«n  ^  ,cnt  is  reaiiy  urgently  needed  to  facil- 
specific  name,  I  am  co  ^  phists  and  metallurgists  the 
itate  teaching  young  ^  Jn  our  various  institutions  of 

metallography  of  iron  -  ^  bab]v  a  thousand  young  men 

learning  taken  toge  1  ^  ^  a  generai  smattering  of  metal- 

every  year  who  01  g  ^  adopt  a  specific  name  such  as  “  os- 

lography  of  iron  .  {aciiitate  their  studies  and  the  labors  of 

mondite/  wouia  ^ 
their  teachers. 


Columbia  University 


N. 


Henry  M.  Howe. 
Y.,  January  io,  1903. 
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The  fact  that  with  the  development  of  metallography  the 
nomenclature  is  becoming  more  and  more  involved,  induced  the 
Council  of  the  Iron  and  Steel  Institute  to  appoint  a  committee 
to  consider  the  matter  and  to  ascertain  whether  it  would  be  pos¬ 
sible  to  take  steps  to  make  the  terminology  less  complicated  and 
more  precise.  The  committee  drew  up  a  glossary,  which  was 
published  in  the  Journal  of  .the  Iron  and  Steel  Institute  (1902, 
No.  1,  pages  90-119),  and  it  was  hoped  that  it  would  tend  to  pro¬ 
mote  the  unification  of  terms,  the  simplification  of  those  used  and 
the  elimination  of  many  of  them.  It  is  not,  however,  to  be  ex¬ 
pected  that  the  compilation  of  this  glossary  will  prevent  the  in¬ 
troduction  of  new  terms,  and  if  the  convenience  of  the  new  terms 
is  so  great  as  to  outweigh  all  objections  it  is  obvious  that  they 
deserve  to  be  generally  adopted.  The  well-considered  proposal 
made  in  your  issue  of  January  24  by  so  eminent  an  authority  on 
metallography  as  Prof.  Henry  M.  Howe,  that  the  new  terms  “  ben- 
mutic  ”  and  “  osmondite  ”  should  be  introduced,  deserves,  there¬ 
fore,  the  most  careful  attention.  In  my  opinion,  however,  the 
former  of  these  is  unsatisfactory  from  a  philological  point  of  view, 
inasmuch  as  the  Latin  prefix  “  bene  ”  can  only  become  “  ben  *'  be¬ 
fore  a  vowel,  and  as  the  termination  "-ic"  is  Greek,  “benemutable 
would  be  more  correct,  but  undoubtedly  ugly.  I  question  whether 
bene  is  ever  used  in  this  sense,  nor  do  I  know  of  any  Latin  pre¬ 
fix  so  employed.  “  Eu  in  Greek  is  so  used  again  and  again, 
and  eutectic  has  a  classic  Greek  word  corresponding  with  it.  It 
seems  therefore  that  Greek  cannot  be  avoided,  and  evidently  *'  eu  ” 
is  the  right  prefix,  and  “  ic  which  means  “  capable  of,*’  the  right 
termination.  \\  hat  Prof.  Howe  should  find  is  a  suitable  Greek 
word  to  represent  transformation.  There  is,  for  example,  the 
word  alloioo  (  aWoioco  )  to  make  different,  which  has  an  adjective 
alloiotikos  changed  or  changeable— used  by  Aristotle.  This 
would  give  the  passable  word  “  eualloiotic.”  The  alternative  would 
be  to  take  one  of  the  many  compounds  of  “  meta,”  meaning 
c  lange.  Aristotle  uses  metablatikos ,  able  to  produce  change  or 
subject  to  change.  This  gives  “  eumetabalatic.”  Prof.  Howe’s  "eu 
metamorplnc  ’  is  correct,  though  cumbersome.  “  Eumetaplastic  ’ 
sounds  better,  but  rather  conveys  the  idea  of  easy  to  be  re 
moulded. 


To  the  second  term  “  osmondite  ”  proposed  by  Prof.  How « 
there  can  be  no  possible  objection.  Indeed,  it  would  be  most  grati 
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lying  if  the  name  of  the  greatest  exponent  of  metallography  were 
represented  in  the  nomenclature  of  the  subject. 

Bennett  H.  Brough. 

London,  Feb.  xo,  1903. 


Like  Prof.  Howe,  I  have  found  that  the  use  of  the  term 
“  eutectic,”  as  applied  to  steel,  is  confusing,  especially  in  teaching, 
even  though  it  has  the  advantage  of  impressing  the  analogy  be¬ 
tween  liquid  and  solid  solutions.  The  adoption  of  the  term  ben 
mutic,"  which  he  suggests,  is  a  way  out  of  the  difficulty,  and 
the  terms  are  sufficiently  alike  to  suggest  the  similarity  between 
substances  that  they  represent.  ^ 

I  am  also  in  favor  of  the  term  “  osmondite,"  which  Prof. 
Howe  proposes  to  give  to  the  solid  solution  of  carbon  in  iron. 
The  present  descriptive  nomenclature  is  so  cumbrous  that  one  is 
tempted  to  use  tlje  term  “martensite  ’  in  default  of  any  other,  am 
I  notice  that  Prof.  Yan’t  Hoff  has  done  this  in  his  paper  ^  lnn’ 
Gips  und  Stahl  vom  physikalisch-chemischen  Standpunkt.  It  is 
unnecessarv  to  state  that  we  are  making  an  unwarrantable  assump 
tion  in  concluding  that  the  martensite  of  quenched  steel  is  identica 
with  the  solution  of  carbon  in  red  hot  steel’ before  the  quenching 

t00k  The 'adoption  of  a  separate  term,  “osmondite,”  would  avoid 
the  difficulty  and  would  be  a  permanent  record  of  the  debt  wh 
metallurgical  science  owes  to  M.  Osmond.  Stansfieux 

McGill  University,  Montreal,  Feb.  25,  I9°3- 

In  vour  issue  of  January  24,  1903.  >ou  Publish  a  very.  tn' 
in  your  issue  01  j  Pr^f„,„r  u  M.  Howe,  entitled 

teresting  co™"”  in  which  the  author  suggests  the  use 
of  theMtteTterm  instead  of  the  former  to  designate  steel  made 
up  exclu  velv  of  pearlite.  This  important  change  m  our  nomen¬ 
clature  of  metallography  terms  appears  to  me  — , ,  a  nd 
I  shall  venture  to  briefly  state  my  reasons  for  this.  1  he  wo 
“  eutectic  ”  was,  as  Professor  Howe  rightly  says  first  applied  by 
r  ?i  t„  that  member  of  a  series  of  alloys  made  up  of  various 
Guthrie  to  game  constituents,  which  had  the  lowest  melt- 

fngPpoin°t.  Pearlite,  that  is.  iron  containing  about  0.80  per  cent 
of  c^bon  is  not  the  alloy  with  the  lowest  melting  point  of  the 
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iron-carbon  series,  and  in  this  consideration  we  find  at  first  sight, 
a  weighty  argument  against  the  term  eutectic  being  applied  to  this 
alloy.  It  should,  however,  be  borne  in  mind  that  if  pearlite  is  not 
the  eutectic  mixture  of  a  molten  alloy,  that  is,  of  a  liquid  solution, 
it  is  the  true  eutectic  alloy  of  a  solid  solution.  We  should  not 
lose  sight  of  the  fact  that  steel  after  it  has  solidified  becomes 
a  solid  solution,  and  that  during  its  further  cooling,  the  various 
components  fall  out  of  solution  in  a  manner  singularly  suggestive 
of  the  solidification  of  the  constituents  of  a  liquid  solution,  and 
pearlite  is  the  true  eutectic  alloy  of  this  solid  solution  inasmuch  as 
it  is  the  last  one  to  fall  out  of  the  solution.  The  analogies  between 
pearlite  and  eutectic  alloys  in  general  are  indeed  very  striking. 
Witness  the  branch  of  curve  which  in  the  cooling  curve  of  carbur¬ 
ized  irons,  corresponds  to  the  formation  of  pearlite;  witness  also 
the  structure  of  pearlite  so  characteristic  of  all  eutectic  mixtures. 
It  only  differs  from  the  eutectic  alloys  with  wlych  we  are  better 
acquainted  in  the  fact  that  it  is  a  constituent  of  last  consolidation 
of  a  solid  instead  of  a  liquid  solution.  In  view  of  these  considera¬ 
tions,  it  appears  to  me  preferable  to  retain  the  term  eutectic  for 
these  constituents  of  solid  solution  so  similar  to  the  eutectic  alloys 
of  liquid  solutions,  and  in  order  to  remove  the  objection  pointed 
out  by  Professor  Howe,  to  slightly  broaden  the  meaning  of  the 
word  eutectic,  so  that  it  may  be  applied  to  the  constituent  or  alloy 
of  last  consolidation ,  alike  of  liquid  and  solid  solutions.  By 
impressing  students  with  the  fact  that  pearlite  is  the  eutectic 
alloy  of  a  solid  solution  and  not  of  a  liquid  solution  would  not  the 
confusions  to  which  Professor  Howe  alludes,  be  avoided  ? 

As  to  Professor  Howe's  suggestion  to  give  the  name  of  44  os- 
mondite '  to  the  solid  solution  of  iron  and  carbon  existing  in  a 
stable  condition  above  the  critical  range  of  steel,  all  metallog- 
raphists  would,  I  believe,  recognize  the  justice  of  attaching  Os¬ 
mond  s  name  to  a  term  of  the  nomenclature  of  a  subject  to  the 
progress  of  which  he  has  contributed  more  than  any  one  else, 
ana  would  welcome  this  addition,  but  has  not  Osmond  himself 
proposed  long  ago  the  name  of  austenite  for  this  solid  solution  ? 

Albert  Sauveur. 

Harvard  University,  Cambridge,  Mass.,  March  2,  1903. 
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Annealing  of  Muntz  Metal.  —  Mr.  E.  A.  Lewis  published  a 
short  article  on  this  subject,  accompanied  by  13  photo-micrographs. 
The  alloy  experimented  upon  contained  61.49  per  cent  of  copper 
and  38.25  per  cent  of  zinc.  Samples  of  this  metal  were  heated 
to  different  temperatures,  for  different  lengths  of  time,  and 
cooled  at  different  speeds.  Photographs  of  the  resulting  struc¬ 
tures  are  shown,  but  no  inferences  are  drawn.  According  to  the 
author,  Muntz  metal  consists  of  two  constituents;  “the  one  is  a 
solid  solution  of  Cu-Zn  in  copper  .(Cu-Zn  -J-xCu)  ;  the  other, 
which  solidifies  last,  is  probably  a  solid  solution  of  Cu-Zn  in  one 
of  the  compounds  of  copper  and  zinc ;  it  is  best  presented  as 
Cu-Zn  -|-  xZn.  This  latter  compound  is  not  a  true  eutectic  alloy, 
but  is  itself  made  up  of  very  small  crystals;  it  is  more  easily 
attacked  by  ammonia  and  solvents  than  Cu-Zn  -f-  xCu.  — Journal 
of  the  Society  of  Chemical  Industry ,  January  15,  1903. 

The  Lesson  of  the  Microscope.  —  Deductions  from  researches 
made  in  the  physical  laboratories,  and  from  microscopic  observa¬ 
tions,  have  proved  beyond  question  the  desirability  of  completing 
hot  work  within  certain  well-defined  and  narrow  limits  of  tem¬ 
perature,  especially  when  steel  is  intended  for  structural  uses,  or 
for  purposes  where  it  will  be  shaped  cold  or  subjected  to  stresses, 
without  further  hot  work  being  put  upon  it. 

In  this  respect  the  microscope,  in  the  hands  of  those  who  are 
qualified  to  interpret  its  lessons,  has  confirmed  the  teaching  of 
the  testing  room. 

The  great  practical  lesson  of  the  microscope  thus  far  is 
that  steel  must  be  given  a  compact  and  fine  structure  to  insure 
safety  and  endurance.  —  Sparks  from  the  Anvil ,  December,  1902. 

General  Method  for  the  Micrographic  Analysis  of  Steel.  —  In 

the  proceedings  of  the  Engineers*  Society  of  Western  Pennsyl¬ 
vania  for  December,  1902,  will  be  found  a  translation  of  Mr. 
Osmond’s  well-known  paper  entitled  “  General  Method  for  the 
Micrographic  Analysis  of  Steel,”  which  was  published  in  the 
Bulletin  of  the  Societe  d’Encouragement,  for  May,  1895.  The 


174 


The  Mctallographist 


students  of  metallography  will  welcome  this  translation,  but  it 
is  to  be  regretted  that  the  text  translated  was  the  original  contribu¬ 
tion  of  Mr.  Osmond  published  eight  years  ago,  instead  of  the 
extensively  revised  edition  of  this  paper  published  by  the  Societe 
in  1901  as  part  of  a  special  volume  entitled  “  Contribution  to  the 
Study  of  Alloys,”  and  in  which  the  author  brings  the  subject  to 
date  by  important  revisions  and  additions. 


The  Use  of  the  Microscope  in  the  Determination  of  the 
Properties  of  Steel.  —  A  stenographic  report  of  an  extempora¬ 
neous  lecture,  by  Mr.  Albert  Sauveur,  on  the  Use  of  the  micro¬ 
scope  in  the  determination  of  the  properties  of  steel,  delivered 
before  the  Engineers’  Society  of  Western  Pennsylvania,  Novem¬ 
ber  22.  is  published  in  the  Proceedings  of  that  Society  for  Decem¬ 
ber,  1902.  It  includes  thirty-three  illustrations  of  photomicro¬ 
graphs  and  of  the  necessary  apparatus  to  conduct  metal lographic 
work.  The  lecturer  first  described  the  structure  of  various 
^rades  of  steel  and  cast-iron  as  revealed  by  the  microscope,  laying 
special  emphasis  upon  the  close  analogy  which  exists  between 
t  u  structure  of  steel  and  that  of  cast-iron,  as  had  been  so  forcibly 
shown  by  Professor  Howe.  With  increasing  content  of  com¬ 
bined  carbon,  the  matrix  or  metallic  part  of  grev  cast-iron 
undergoes  structural  changes  which  are  identical  to  those  ob- 
m  steel.  Grey  cast-iron  may  be  regarded  as  composed  of 
matrix  plus  a  certain  amount  of  graphitic  carbon,  the 
a  e  o  * le  stee^  composing  the  matrix  being  dependent  upon 
k  percentage  of  combined  carbon  present.  Attention  was  then 

^  Tn  !  Cl°Se  relati°n  Which  exists>  the  one  hand,  be- 
subiect  r  St™CtUre  steeJ  and  the  treatment  to  which  it  is 
oroSS  a7 \°n  C  °ther’  between  the  structure  and  the  physical 
if  they  d  °  Th ese  considerations  suggest,  at  least, 

!^»h,  Z  .ppliJIL  of  men!- 

in  physical  nr  imProvement  ln  structure,  and,  therefor 

e  l  l  P  reSUlting  fr0m  the  P-per  annealing  of 

pr  e  tha  ^  the  ^er  expressed  his  su 

K  r  r—  °f  stecl  stings  could  still  1 
his  greater  ,t  le  l)eneflclal  effect  of  this  treatment,  and 

alwaS  sneei  v  n  COn?nme"  of  *teel  castings  do  n 

parted  to  the  sarnTTn^j^f1111^  The  various  structures  in 
P  the  same  steel  by  different  thermal  and  mechanical  treat- 


Mctcdlo graphic  Notes 


175 


ments  were  described  and  illustrated.  It  was  shown  that  by 
working  the  steel  while  hot  and  finishing  it  at  the  proper  tem¬ 
perature  a  very  fine  structure  could  be  imparted  to  the  metal ; 
an  equally  fine  structure  could  be  produced  by  properly  con¬ 
ducted  annealing,  regardless  of  the  coarseness  of  the  structure 
before  annealing.  It  was  evident,  therefore,  that  two  means 
could  be  employed  for  conferring  a  fine  structure  to  the  metal, 
(1)  hot  work  suitably  conducted  so  as  to  finish  the  implement 
at  the  proper  temperature,  and  (2)  annealing.  The  objection 
to  the  first  method  was  that  if  the  implement  had  a  relatively 
large  cross-section,  it  was  not  possible  to  finish  it  at  a  uni  orm 
temperature,  the  center  would  necessarily  be  hotter  and  would 
cool  more  slowly,  and  in  consequence  would  assume  a  coarser 
structure  than  the  parts  nearer  the  cooling  sur  aces, 
limitations  did  not  exist  in  the  case  of  annealing,  as  the  piece 
of  metal  could  be  heated  throughout  even  >  to  tic  e 
temperature.  There  was  little  doubt  but  that  every  W 
piece  of  forged  steel  could  be  materially  improved  by  annealing. 
The  cost  of  the  operation,  however,  was  in  many  cases  P  . 

The  lecturer  said  that  many  people  argued  that  the  knowing 
of  the  structure  of  metals  was  of  little  1 ^  £ 

the  metal  was  defective  the  testing  machme  would  re' -1‘t 
To  show  how  unreasonable  this  was,  one  might  as  -at 
he  did  not  care  to  know  the  chemical  ^os^  oi^  meml 
since  if  it  were  defective,  Z'LtZ  l  ^ 

testing  machine,  however  « L  indicating  the  cause,  and 

was  deficient  in  some  quaht  important  to  know 

still  less,  suggesting  a  remedy  t  -s  ,  ^P  ^  was  to 
that  the  steel  was  not  of  too  ^  ^  phosphorus.  The 
know  that  it  did  not  con  ^  a  coarse  crvstaiiization 

lack  of  ductility  or  brit  uarded  against  with  as  much 

is  as  objectionable  an  s^^ced  &  too  high  a  percentage  of 
care  as  the  bn  l'e"eS  JeT  called  attention  to  the  unreasonable 
phosphorus.  The  kc  wjth  hardly  any  preliminary  prep- 

attitude  of  some  Pers  .  and  expected  that  it  was  going 

aration  took  up  me a  logr JP*  ^  problcms  which  they  had 

to  solve  at  once  a  methods,  and  who,  upon  finding 

been  unaWe  to  so  -  ^  was  „ot  reaiized,  blamed  metal- 
that  their  foohs  1  e  h  reminded  him  of  the  attitude 
lography  ‘or  tne 
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of  many  steel  producers  toward  chemistry  after  the  chemist  had 
succeeded  in  finding  his  way  in  the  steel  works.  They  had 
admitted  him  with  much  reluctance,  but  once  admitted  they  had 
expected  him  to  give  an  explanation  of  every  so  far  unexplained 
phenomenon  and  to  suggest  a  remedy  for  every  evil.  Upon  find¬ 
ing  him  unresponsive  to  such  demands  they  argued  that  chemistry 
was  of  little  use  in  practical  steel  making,  and  a  reaction  was 
created  which  for  many  years  hindered  the  advance  of  steel 
metallurgy.  One  could  not  expect  that  metallography  would 
offer  a  solution  for  all  the  troubles  of  the  steel  maker:  it  was 
just  as  up-hill  work  in  this  branch  of  science  as  in  any  other, 
out  if  the  subject  were  taken  up  in  a  reasonable  and  impartial 
frame  of  mind  very  few,  the  lecturer  believed,  would  be  dis¬ 
appointed. 

The  lecture  was  illustrated  by  numerous  enlargements  of 
photomicrographs  and  many  apparatus  were  exhibited. 

Recent  Publications.  —  The  Manufacture  and  Properties  of 
Iron  and  Steel,  by  Harry  Huse  Campbell:  862  pages;  illustrated. 
The  Engineering  and  Mining  Journal ,  New  York,  1903.  Price, 
$5*  —  This  is  an  extensively  revised  and  enlarged  edition  01  Mr. 
Campbells  well-known  book  on  “The  Manufacture  and  Proper¬ 
ties  of  Structural  Steel.J,  The  justification  for  the  change  to  the 
present  much  more  ambitious  title  might  be  questioned,  for  we 
find  in  this  new  edition  eightv-one  pages  devoted  to  the  Mast 
furnace,  eleven  to  wrought  iron,  eight  to  cemented  and  cm  hie 
steels,  thirty-one  to  Bessemer  steel,  while  one  hundred  and  titty- 
four  pages  are  devoted  to  the  manufacture  of  open-hearth  steel. 
In  its  present  form,  therefore,  this  book  is  still  essentially  a  treatise 
—  and  a  most  admirable  one  —  on  open-hearth  steel.  What  the 
other  chapters  lack  in  quantity,  however,  is  made  up,  to  a  gnat 
extent,  by  the  quality,  which  is  excellent.  Mr.  Campbell’s  book 
is  not  a  text-book,  for,  notwithstanding  an  introductory  chai  r 
on  “The  Main  Principles  of  Iron  Metallurgy,”  in  which  he 
rudiments  of  the  art  are  described  with  great  lucidity,  the  follow¬ 
ing,  chapters  call  for  such  a  knowledge  of  the  metallurgy  of  iron 
as  is  possessed  only  by  technically  trained  practical  metallurgists 
and  by  advanced  students.  To  these,  however,  the  book  should 
prove  of  very  great  interest  and  value. 

1  ht  author  has  acquired,  through  an  experience  extending 
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over  many  years,  a  mastery  of  the  practical  problems  with  which 
die  steel  metallurgist  has,  every  day,  to  deal,  and  to  this  invaluable 
store  of  knowledge  he  joins  not  only  a  scientifically  trained  mind, 
but  one  which  justly  appreciates  the  value  of  scientific  methods, 
even  in  the  domain  of  a  purely  industrial  art.  If  we  add  to  this  a 
power  of  expressing  his  thoughts  with  much  lucidity  —  because 
his  thoughts  are  well  conceived  —  it  will  be  seen  that  the  needed 
conditions  for  a  valuable  production  w*ere  here  fulfilled,  and  the 
author  has  given  us,  as  he  was  bound  to  give  us,  a  work  of  high 
merit,  which  will  sparkle  for  a  long  time  in  the  literature  of  the 
metallurgy  of  iron.  It  is  the  most  valuable  addition  to  this  already 
rich  literature,  that  has  been  made  in  many  years. 

Hardening,  Tempering ,  Annealing  and  Forging  of  Steel,  by 
Joseph  Y.  Woodw’orth  ;  288  pages :  illustrated.  Published  by  Xor- 
man  W.  Henly  &  Co.,  Xewr  York.  Price,  $2.50.  —  In  this  book 
the  author  describes  at  length  the  methods  of  hardening,  temper¬ 
ing  and  annealing  various  implements  of  steel.  His  treatment  of 
the  subject  appears  to  be  exhaustive  and  is'  essentially  practical, 
considerations  of  a  scientific  character  being  altogether  absent. 
The  purpose  and  scope  of  the  book  is  set  forth  in  the  first  para¬ 
graph  of  the  preface  as  follows :  “  In  preparing  this  treatise  the 
author  has  had  as  an  incitement  the  knowledge  that  there  was 
very  little  information  to  be  had  on  the  treatment  and  working  of 
steel  of  practical  value  to  the  general  mechanic.  For  this  reason 
he  is  convinced  that  a  practical  book  on  the  treatment  and  working 
of  the  metal  as  modern  demands  necessitate,  that  is  in  regard  to 
heating,  annealing,  forging,  hardening  and  tempering  processes, 
cannot  fail  to  prove  of  interest  and  value  to  all  mechanics  who  use 
tools  or  who  are  in  any  way  engaged  in  the  working  of  metals/’ 
The  book  is  divided  into  12  chapters  as  follow's.  Chapter  I. 
_ Steel:  Its  selection  and  identification;  steel  for  various  pur¬ 
poses  ;  the  treatment  of  well  known  brands  of  steel ;  the  effects  of 
heat  II  —  \nncaling  processes;  the  terms  annealing,  hardening, 
and  tempering  defined ;  the  annealing  of  malleable  castings.  III. 
—  The  heating  and  cooling  of  steel;  location  of  heating  arrange¬ 
ments*  the  use  of  gas  blast  furnaces  and  heating  machines;  tough 
steel  and  hard  steel;  the  difference.  IV.  — The  hardening  of 
steel  •  hardening  in  water,  brine,  oil  and  solutions ;  special  pro¬ 
cesses  for  special  steel.  V.  —  Tempering  by  colors;  in  oil;  on 
hot  plates;  by  thermometer;  in  hot  water;  in  the  sand  bath;  by 
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special  methods.  VI. — Case-hardening  processes;  the  use  of 
machinery  steel  for  cutting  tools  and  the  treatment  of  it.  VII.- 
Hardening  and  tempering  milling  cutters  and  similar  tools.  VIII. 
—  Hardening,  tempering  and  straightening  all  kinds  of  small  tools. 
IX.  —  The  hardening  and  tempering  of  dies  and  all  kinds  of  press 
tools  for  the  working  of  sheet  metal.  X. —  Forging  and  Welding. 
XI.  —  Miscellaneous  kinds.  XII.  —  Grinding. 

A  Text-Book  of  Quantitative  Chemical  Analysis,  by  Frank 
Julian ;  604  pages ;  illustrated ;  published  by  the  Ramsey  Publish¬ 
ing  Co.,  St.  Paul,  Minn.  This  is  the  work  of  an  erudite  chemist 
endowed  with  the  rare  gift  of  imparting  his  knowledge  in  a  clear 
and  effective  manner.  It  is  an  admirable  text-book  which  fills  a 
place  not  occupied  by  any  other  book,  not  excepting  Fresenius  s 
classical  work,  and  which  should  be  in  the  library  of  every  student 
of  analytical  chemistry.  The  book  contains  numerous  original 
illustrations  and  is  divided  into  four  parts  which  the  author 
describes  in  the  following  words:  “  In  Part  I.,  after  outlining  the 
general  principles  of  *the  art,  there  are  described  the  operations  of 
solution,  precipitation,  etc.,  and  the  appliances  commonly  employed 
for  the  purposes.  Following  is  a  graded  series  of  exercises  chosen 
with  a  view  to  illustrate  the  leading  principles  in  analysis  and 
afford  practice  in  the  usual  manipulations.  They  are,  for  the  most 
part,  simple  and  easy  of  execution,  and  call  for  only  such  apparatus 
as  is  commonly  found  in  the  laboratories  of  educational  institutions. 
Directions  are  given  in  full  detail  and  have  been  closely  followed 
in  the  analysis  whose  results  are  appended. 

In  Part  III.,  is  considered  the  analytical  behavior  of  a  number 
of  articles  of  commercial  importance.  It  has  been  attempted  to 
outline  the  most  approved  method  for  their  analysis  and  to  annotate 
some  others  that  are  of  interest  from  their  promise  of  futu 
development  or  as  suggesting  the  application  of  less  familiar  pri> 
ciples.  Working  details  and  criticisms  have  been  largely  omitted 
as  they  would  be  useless  unless  accompanied  by  particulars  at 
precautions  too  voluminous  for  insertion  here ;  for  these  there  mt 
be  consulted  the  standard  treatises  on  the  various  subjects  and  ti 
references  given,  which  are,  wherever  possible,  to  original  articb 
or  abstracts  in  English. 

In  1  art  I\  ,  are  presented  some  notes  and  observations  relatir. 
to  the  principles  and  practice  of  the  art  in  general  that  mav  be  < 
interest  to  the  student. 
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Introductory 

1.  Introduction.  —  Beside  the  general  interest  which  we 
have  in  understanding  the  constitution  of  alloys,  as  giving  us  an 
intelligent  view  of  the  matter  in  general,  we  have  the  special 
reason  that  a  knowledge  of  the  subject  promises  to  be  of  the 
greatest  practical  value  in  approaching  the  study  of  any  given 
series  of  allovs,  for  instance  to  one  seeking  to  learn  what  are  the 
most  valuable  alloys  of  tivo  given  metals.  The  case  reminds 
us  of  the  calculus.  If  we  have  the  formula  of  a  given  curve 
before  us  we  can  by  means  of  the  calculus  discover  where  all 
the  critical  points  of  that  curve  will  lie  without  going  to  the 
trouble  of  plotting  it  throughout.  Somewhat  so  is  it  with  the  ex¬ 
amination  of  the  constitution  of  a  series  of  alloys,  say  those 
of  bismuth  with  tin,  or  antimony  with  copper.  The  constitution 
of  such  a  series  may  be  expected  to  vary  from  one  end  of  the  series 
to  the  other;  but  in  passing  thus  from  end  to  end  of  the  series  there 
mav  be  important  critical  points,  at  which  not  only  the  constitution 
changes  but  the  nature  of  that  change  itself  changes  .abruptly. 
Such  points  may  be  called  critical  points  for  constitution.  And, 
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just  as  the  calculus  reveals  to  us  the  critical  points  of  a  curve  of 
known  formula,  so  it  happens  that  these  critical  points  for  con¬ 
stitution  may  often  be  laid  bare  by  means  of  a  few  easy  experi¬ 
ments. 

Now  the  importance  of  this  lies  in  the  fact  that  the  critical 
points  for  constitution  may  be  expected  to  be  also  critical  points 
for  the  useful  properties.  If  we  seek  ductility,  we  may  expect 
to  find  a  critical  point  for  ductility  in  that  part  of  the  series 
where  lies  a  critical  point  for  constitution :  thdre  we  may  expect 
to  find  either  a  maximum  or  a  minimum  of  ductility ;  and  so  with 
many  other  useful  properties. 

Thus  it  is  that  the  methods  which  promise  to  reveal  to  us 
with  relative  ease  the  probable  constitution  of  a  series  of  alloys 
of  any  two  metals,  of  learning'  where  its  critical  points  lie,  and 
indeed  whether  it  has  any  critical  points,  thereby  promise  to  teach 
us  where  in  that  series  we  shall  probably  find  those  alloys  the 
properties  of  which  will  differ  markedly  for  better  or  for  worse 
from  those  of  the  component  metals ;  and  indeed,  whether  or 
not  we  are  likely  to  find  any  alloys  in  the  series  which  do 
differ  markedly  in  their  physical  properties  from  the  component 
metals.  1  he  knowledge  of  the  constitution  of  a  series  of  alloys 
in  short  gives  us  a  method  of  superior  analysis  of  the  problem  of 
where  to  find  in  that  series  the  most  valuable  alloys.  These  indi¬ 
cations,  of  course,  are  not  conclusive ;  indeed  we  have  still  far 
more  to  learn  of  their  meaning  than  we  yet  know  ;  but  already  they 
are  of  great  value  as  in  pointing  out  the  part  of  the  field  most 
likely  to  be  fruitful. 

2.  Possible  Components  of  Alloys.  —  In  inorganic  mat¬ 
ter  we  have  three  important  classes  of  substances : 

( 1 )  pure  elements, 

(2)  definite  chemical  compounds  of  those  elements,  and 

(3)  solutions. 

In  the  same  way  we  recognize  in  our  allovs  three  classes  of 
ultimate  constituents : 


(1)  pure  metals, 

(2) ^  definite  chemical  compounds  of  those  metals  with  each 
other,  such  as  AuAL,  antimonide  of  copper  (CusSb3?).  and  an 
timonidc  of  tin  (SnSb),  and  also  to  a  smaller  certain  extent 
definite  chemical  compounds  of  metals  with  the  relatively  small 
quantities  of  certain  metalloids,  such  as  carbon  and  sulphur. 
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present  in  some  alloys.  In  this  latter  class  of  compounds  the  most 
important  is  the  carbide  Fe3C  found  in  steel,  and  commonly  called 
“  cementite,” 

(3)  what  are  now  called  solid  solutions  of  metals  in  each 
other,  a  term  the  meaning  of  which  will  be  explained  in  §  5,  p.  187. 
Suffice  it  for  the  present  that  we  have  in  our  alloys  these  three 
classes,  corresponding  to  the  three  great  classes  into  which  in¬ 
organic  matter  in  general  is  divisible. 


1.  Pearlite  with  Ferrite. 

The  polygons  are  pearlite,  the  network  is  ferrite. 
(Sorby  Journ.  Iron  and  Steel  Inst. ,  1887,  I,  P-  *55  "  FiS* 


Any  given  piece  of  an  %lloy  may  at  the  same  time  contain 

substances  of  each  of  the  three  classes. 

Here  as  in  so  manv  other  respects  the  alloys  remind  us  of  the 
crystalline  rocks,  which  they  resemble  in  the  general  conditions  of 
their  formation.  .  Crystalline  rocks  have  cooled  e.ther  like  most 
of  our  alloys  from  a  state  of  fusion,  or  at  least  from  a  temperature 
so  high  that  the  atoms  present  in  the  rock-mass  have  been  free 
to  arrange  themselves,  to  combine  to  form  definite  compounds, 
and  these  compounds  have  been  free  to  obey  their  crystalline  laws. 


1% 2  The  Metallographist 

Under  the  microscope  we  find  that  our  rocks  consist  of  three 
classes  of  substances : 

(1)  pure  metals,  such  as  native  copper,  native  gold,  etc., 

(2)  definite  chemical  compounds,  like  feldspar,  mica,  quartz, 
hornblende,  and 

(3)  glass-like  obsidians,  in  which  the  chemical  elements  are 
united,  not  in  any  definite  ratio,  but  indeterminately. 


Fig.  2.  Structure  of  Igneous  Rock. 

(Rhyolite  from  Hot  Spring  Hills,  Pah-Ute  Range  ) 
l .  S.  (icological  Exploration  of  the  Fortieth  Parallel,  VI, 
Microscopical  Petrography,”  Plate  VIII,  Fig.  1. 


Just  as  the  particles  of  these  different  substances,  the  feld¬ 
spar  and  other  minerals,  often  exist  in  such  minute  particles  that 
hey  can  be  detected  only  under  the  microscope,  so  in  most  cases 
components  of  our  alloys  are  visible  only  under  the  micro 
scope,  and  often  only  with  very  great  magnification,  which  may 
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sometimes  have  to  reach  a  thousand  diameters.  Fig.  1  gives  us 
an  idea  of  a  common  type  of  structure  among  our  alloys,  and 
it  will  be  seen  that  it  is  strikingly  like  that  of  the  crystalline 
rocks  shown  in  Fig.  2. 

The  resemblance  between  alloys  and  crystalline  rocks  does 
not  stop  here.  Indeed  we  find  close  analogies  between  our 
metals  on  one  hand  and  our  crystalline  rocks  on  the  other,  both  of 


Fig.  3- 

Columnar  Structure  in  Steel  Ingot, 
from  the  Author’s  Collection, 
actual  size. 


Fig.  4- 

A,  superficial 
blowholes ; 

B ,  deep-seated 
blowholes ; 

C,  pipe. 


which  result  from  the  gradual  solidification  of  fused  or  semi 
fused  masses;  and  also  between  both  of  these  classes  of  solids 
and  those  which,  like  ice,  result  from  the  solidification  of  aqueous 
solutions  instead  of  fused  masses.  Let  us  notice  some  o  t  ese 
points  of  resemblance. 

3.  Resemblance  of  Metals  to  Rock-masses.  —  First  the 
columnar  structure  familiar  to  us  in  the  Palisades  of  the  Hudson, 
the  Giant's  Causeway,  and  like  rock-masses,  forming  enormous 


From  the  collection  of  Professor  Tschernoff.  ( The  Metallography  II,  p.  74.) 
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columns,  we  find  reproduced  both  in  metals  and  in  ice.  The 
columns  of  the  Palisades  were  formed  during  the  slow  cooling 
of  the  rock-mass  which  they  form;  and  they  stand  upright,  i.e., 
with  their  length  at  right  angles  with  their  upper  surface,  which 
was  the  cooling  surface,  the  surface  through  which  the  heat 


From  the  outside 
(extrados)  of  the  bend. 
The  polygons  (crystals) 
of  ferrite  are 
lengthened,  parallel 
with  the  extrados. 


From  near  the 
neutral  fibre.  The 
polygons  of  ferrite  are 
little  changed  in  shape 
but  are  crossed 
by  slip-lines. 


From  the  inside  of 
the  bend.  The  polygons 
of  ferrite  now  He 
normal 

to  the  extrados. 


m.„T , 'TSSJJt.  A  — >• 


.  i-»;i#»  thev  were  cooling  down  and  changing 

escaped  from  them  wh  ^  a  solid  rock.  We  find  in 

from  a  molten  same  columnar  structure,  with  the 

slowly  cooled meta l»  •  a  with  the  cooling  surface,  i.e., 

columns  standing  g  shown  in  Fig.  3 ;  and  in  large  blocks 
o“sJedarilyUinatl-  ingots  of  artificial  ice  which  we  see  about 
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the  streets,  we  can  often  trace  this  columnar  structure,  with  the 
columns  at  right  angles  with  the  cooling  surface,  e.,  with  the 
sides  of  the  ice-ingot. 

Next  we  find  in  solidified  ingots  of  steel  a  contraction-cavity 
called  a  “  pipe  ”  at  the  upper  end  of  the  axis  of  the  ingot  (Fig.  4) ; 
and  you  will  generally  see  a  similar  pear-shaped  cavit\  in  the 
upper  end  of  the  ingots  of  artificial  ice  about  the  streets. 

Next  the  beautiful  specimens  of  minerals  which  adorn  our 
mineralogical  cabinets  generally  form  in  the  cavities  or  “  vugs 
as  they  are  called  in  the  rocks;  beautiful  crystals  of  iron  at  times 
occur  also  in  the  cavities  in  our  steel  ingots  (Fig.  5)  *  an(l  *n  ^ie 
same  way  we  will  often  find  most  beautiful  minute  crystals  of  ice 
in  the ‘pear-shaped  pipe  of  our  common  ingots  of  artificial  ice. 

Again,  just  as  the  crumpling  of  the  rocks  of  the  earth  s  crust 
produces  what  is  known  as  a  schistose  structure,  so  we  find  such  a 
structure  (Fig.  6)  in  masses  of  iron  when  they  have  been  crumpled 
in  like  manner. 

Finally,  gases  evolved  during  solidification  cause  gas-bubbles 
or  “  blowholes  ”  in  ingots  of  ice  and  of  steel,  and  also  in  glass 
(A  and  B,  Fig.  4).  These  blowholes  form  at  a  time  when  the 
mass  is  still  fluid  enough  to  be  pushed  aside  by  the  particles 
of  gas  evolved  within  it,  so  that  these  come  together  to  form 
gas-bubbles ;  yet  not  fluid  enough  to  permit  these  bubbles  to  rise 
by  gravity  to  the  upper  surface  and  thus  escape.  So  these  bub¬ 
bles  remain  entangled  in  the  viscous  mass. 

4.  Chemical  Compounds  Among  Metals.  —  While  the 
condition  of  the  particles  of  pure  metals  which  we  find  in  our 
alloys  calls  for  no  special  comment  here,  that  of  the  chemical  com¬ 
pounds  and  of  the  solid  solutions  requires  a  word. 

The  chemical  compounds  of  one  metal  with  another  do  not  in 
general  follow  the  law  of  valence,  so  that  they  are  of  the  type 
known  as  “  molecular/’  The  law  of  valence  retains  its  importance, 
but  we  must  recognize  that  it  is  not  a  universal  one.  We  may,  how¬ 
ever,  make  the  important  generalization  that  obedience  to  the 
law  of  valence  is  typical  of  a  great  number  of  our  strong  chem¬ 
ical  compounds,  those  in  which  the  atoms  are  powerfully  united, 
yielding  a  compound  which  differs  greatlv  in  its  properties  from 
those  of  its  components.  And  it  is  in  accordance  with  this 
general  idea  that  even  the  definite  chemical  compounds  of  one 
metal  with  another,  as  of  copper  with  antimony,  or  gold  with 
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aluminium,  or  tin  with  antimony,  as  they  do  not  follow  the  law 
of  valence,  are  feebly  combined,  and  that  their  properties  differ 
from  those  of  their  component  metals  in  a  very  much  less 
degree  than  is  the  case  with  the  common  strong  chemical  com¬ 
pounds  with  which  we  are  familiar  in  inorganic  chemistry.  The 
properties  of  water  are  wholly  different  from  those  of  hydrogen 
and  oxygen ;  the  properties  of  common  salt  give  no  suggestion  of 
those  of  either  chlorine  or  sodium.  Naturally  we  find  no  such 
striking  difference  between  the  properties  of  a  definite  compound 
of  aluminium  with  gold  on  one  hand,  and  the  properties  of  alu¬ 
minium  and  of  gold  respectively  on  the  other. 

5.  Solid  Solutions.  —  What  do  we  mean  by  this  term  ?  We 
use  the  word  solution  here  to  distinguish  these  substances  from 
solid  definite  chemical  compounds.  We  mean  by  solid  solutions 
those  solids  which  are  to  definite  solid  chemical  compounds;  like 
salt,  what  liquid  solutions,  like  salt  water,  are  to  liquid  definite 
chemical  compounds,  like  pure  water  itself.  We  mean  solids 
which  have  the  essential  characteristics  of  solutions  so  far  as 
solidity  itself  permits. 

To  understand  this  let  us  ask  what  are  the  essential  prop¬ 
erties  which  distinguish  our  common  liquid  solutions  from  defi¬ 
nite  chemical  compounds.  In  a  definite  chemical  compound  we 
have  two  essential  features,  ( 1 )  complete  and  absolute  merging 
of  the  components  into  a  new  and  different  substance,  chlorine 
and  sodium  losing  their  identity  absolutely  and  forming  a  wholly 
different  substance,  common  salt;  and  (2)  a  mathematically  fixed 
ratio  between  the  two  components.  In  the  case  of  solution, 
while  this  fixed-ratio  feature  is  lacking,  we  have  this  same  com¬ 
plete  merging  of  the  two  substances.  In  a  solution  of  water 
and  alcohol  we  can  neither  by  the  microscope  nor  by  any  other 
means  detect  either  the  water  or  the  alcohol ;  they  unite  to  form  a 
new  substance:  neither  gravity  nor  centrifugal  force  separates 
them ;  the  light  alcohol  does  not  rise  to  the  surface,  nor  does  the 
heavier  water  sink.  This  complete  merging  of  their  components 
and  the  absence  of  fixed  ratio  between  those  components,  then, 
are  the  two  essential  characteristics  of  our  common  liquid  solu¬ 
tions. 

As  the  chemical  forces  which  hold  the  dissolved  bodies  together 
in  the  new  substance,  the  solution,  are  relatively  feeble,  naturally 
the  properties  of  the  solution  do  not  differ  markedly  from  the 
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mean  of  the  properties  of  the  two  bodies  dissolved  in  each 

other.  # 

Turning  to  the  solid  state  we  find  in  our  glasses  a  similar 

state  of  affairs,  except  that  the  glasses  are  solid  while  common 
solutions  are  liquid.  The  silica,  lime  and  alkali  of  the  glass  are 
absolutely  merged;  neither  the  microscope  nor  any  other  means 
enables  us  to  detect  either  silica  or  lime  or  alkali  as  a  separate  en¬ 
tity  in  the  glass,  so  long  as  it  remains  a  glass.  Only  when  we 
destroy  it,  tearing  it  asunder  by  analysis,  can  we  detect  an)  of  its 
components.  We  have  then  in  the  glass  a  chemical  merging  of 
the  components ;  but  it  is  in  indefinite  ratios.  The  percentage 
of  silica  or  of  lime  can  vary  by  infinitesimal  gradations  from 
specimen  to  specimen,  and  this  variation  is  accompanied  by  cor¬ 
responding  progressive  change  in  the  physical  properties.  The 
change  from  specimen  to  specimen,  then,  both  in  composition  and 
in  properties,  is  per  gradum;  whereas  the  changes  from  one 
definite  chemical  compound  to  another,  from  water  to  hydrogen 
peroxide  for  instance,  are  per  saltum.  The  glasses  then  have 
these  two  essentials  of  solutions,  the  substances  present  are 
(i)  completely  merged,  but  (2)  in  indefinite  proportions. 

In  the  same  way  many  of  our  metals,  as  it  were,  dissolve  in 
each  other,  and  we  find  them  in  the  solidified  state  completely 
merged  in  each  other,  forming  alloys  which  differ  from  specimen 
to  specimen  by  infinitesimal  gradations,  and  yet  the  component 
metals  cannot  be  distinguished  in  the  alloy  by  the  microscope  or  bv 
any  other  means.  The  separate  individual  existence  of  each  has 
ceased.  Here  then  we  have  the  essential  characteristics  of  solu¬ 
tions,  vis.,  (1)  complete  merging  of  the  components  (2)  in 
indeterminate  proportions;  and  on  this  account  we  give  to  these 
substances  the  name  “  solid  solutions.” 

And  just  as  the  properties  of  the  liquid  m,  its  color, 

density,  electric  conductivity,  etc.,  do  not  differ  markedly  from 
those  of  the  mean  of  its  components,  so  we  find  that  the  physical 
properties  in  general  of  those  alloys  which  are  solid  solutions  do 
not  differ  markedly  from  the  mean  of  the  properties  of  the  metals 
which  compose  them.* 

*  The  author  has  found  this  conception  of  solid  solutions  so  hard 
for  many  students  to  grasp  that,  for  their  sake  and  at  the  risk  of  seem¬ 
ing  to  most  readers  needlessly  explicit,  some  further  discussion,  line 
upon  line,  seems  desirable.  When  chlorine  and  sodium  unite  to  form  salt. 
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6.  Isomorphous  Mixtures  and  Mixed  Crystals.  —  Solid 
solutions  arc  called  by  some  “  isomorphous  mixtures  ”  and  by 
some  “mixed  crystals.”  The  term  “  isomorphous  mixtures  ” 
would  naturally  be  suggested  by  the  fact  that  the  familiar  cases 
of  two  definite  inorganic  compounds  which  crystallize  together  to 
form  homogeneous  crystals,  the  molecules  of  each  substance  prac¬ 
tically  entering  into  and  completely  identifying  themselves  with 
the  molecules  of  the  other,  are  cases  in  which  the  two  substances 
are  isomorphous,  i.  e.,  when  by  themselves  they  yield  crystals  of 
the  same  form,  1.  e.,  “  isomorphous  ”  crystals.  This  property 
then  of  two  different  substances  of  merging  their  existence  com¬ 
pletely  in  single  crystals,  is  one  which  we  associate  with  iso- 

the  two  elements  lose  their  identity  completely,  they  are  completely 
merged.  A  wholly  new  substance  arises,  salt,  having  little  resemblance 
to  either  of  its  components.  They  have  become  one ;  they  cannot  be  sep¬ 
arated  or  distinguished  from  each  other  so  long  as  they  are  united. 
Neither  the  microscope  nor  gravity  nor  centrifugal  force  nor  any  other 
purely  mechanical  force  separates  them  or  enables  us  to  distinguish  one 
from  the  other.  It  is  this  complete  sinking  of  their  individual  identity, 
this  birth  of  a  new  substance,  in  which  neither  of  the  component  sub¬ 
stances  is  distinguishable  by  any  means  whatever  so  long  as  this  new 
substance  remains  undecomposed  —  it  is  this  that  wc  here  call  merging. 

If  we  grind  silica  and  magnetic  iron  oxide  to  the  most  impalpable 
powder  and  mix  them  with  most  extreme  thoroughness,  they  still  remain 
two  distinct  bodies,  silica  and  iron  oxide,  merely  intimately  mixed  me¬ 
chanically.  We  can  again  separate  them  by  appropriate  mechanical  means. 
Under  a  sufficiently  powerful  microscope  we  can  still  see  the  white  par¬ 
ticles  of  silica  and  the  black  ones  of  iron  oxide.  If  wc  immerse  them  in 
a  liquid  heavier  than  the  silica  but  lighter  than  the  iron  oxide,  we  separate 
them  by  gravity,  the  silica  gradually  rising  to  the  top,  while  the  iron 
oxide  sinks  to  the  bottom.  Or  we  can  separate  them  by  means  of  a 
magnet. 

But  let  us  melt  them  together,  and  they  unite  and  merge,  they  become 
one,  and  neither  can  now  be  distinguished  by  any  means,  nor  separated 
mechanically  from  the  other,  so  long  as  this  merging  remains. 

Suppose  that  we  have  a  room  cooled  to  —  40°  C.;  that  in  this  we  grind 
up  ice  and  crystals  of  hydrated  cupric  sulphate  (blue  vitrol)  quite  as  wc 
ground  up  our  silica  and  iron  oxide;  to  simplify  our  ideas  suppose  that 
at  this  temperature  the  cupric  sulphate  and  ice  do  not  react  on  each  other 
but  remain  separate  quite  as  the  silica  and  iron  0x1  e  o,  an  t  iat  \nc 
then  mix  them  in  a  bottle  with  extreme  thoroughness.  They  ^  con¬ 
stitute  simply  an  intimate  mechanical  mixture;  they  are  not  merge  ,  >' 

sufficient  magnification  wc  can  see  under  the  microscope  t  e  transparent 
white  particles  of  ice  and  the  blue  ones  of  cupric  sulpiatc.  y  care  11  \ 
tapping  the  bottle  wc  can  induce  the  heavy  crystals  of  cupric  sulphate 
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morphous  bodies,  and  this  association  easily  leads  to  applying 
the  word  “  isomorphous  ”  to  all  cases  of  such  identification  and 
merging.  But  reflection  shows  us  that  the  similarity  of  crys¬ 
talline  form,  even  were  it  not  only  a  constant  concomitant  but 
a  necessary  condition  of  this  merging,  is  clearly  not  its  essence. 
We  see  no  conclusive  reason  why  two  metals  of  different  crystal¬ 
line  forms  should  not  completely  merge.  Their  union  could  not 
properly  be  called  isomorphous,  but  it  would  properly  be  called 
a  solid  solution. 

The  chief  reason,  however,  for  preferring  this  latter  term 
is  that  it  is  based,  not  on  what  could  at  most  be  a  concomitant  or 
necessary  condition,  but  on  the  essential  properties  of  this  class  of 
substances,  the  fact  that  they  have  all  the  prominent  essential 
properties  of  aqueous  solutions  save  their  fluidity. 


to  work  their  way  down  to  the  bottom  of  the  bottle,  leaving  the  lighter 
particles  of  ice  above.  Now  let  us  heat  the  whole  over  the  lamp,  and 
soon  the  ice  melts  and  dissolves  the  cupric  sulphate.  Now  in  this  solution 
we  have  no  longer  a  mechanical  mixture  but  absolute  merging,  merging 
as  complete  and  as  little  broken  up  by  mechanical  means,  as  little  capable 
of  being  resolved  by  the  microscope,  as  the  merging  of  our  chlorine  and 
sodium  in  salt  or  of  our  silica  and  iron  oxide  in  our  iron  silicate. 

Of  course,  we  can  by  appropriate  chemical  means  break  this  solution 
up ;  we  can  insert  a  sheet  of  metallic  iron  and  precipitate  the  copper  on 
it,  we  can  break  the  solution  up  chemically;  but  so  long  as  it  remains  a 
solution,  the  water  and  the  cupric  sulphate  lack  their  independent  existence 
as  two  separate  entities  mechanically  mixed,  and  now  form  one  entity 
different  from  either  of  its  components.  We  may  dispute  as  to  the  nature 
of  this  new  entity,  as  to  the  nature  of  solutions;  we  may  regard  them 
as  composed  of  ions  or  whatever  we  please;  but  that  the  solution  is  one 
whole,  that  in  it  the  water  and  the  cupric  sulphate  have  merged  their 
separate  existence  and  have  coalesced  to  form  some  kind  of  a  new  thing, 
and  some  one  new  thing,  cannot  be  doubted.  Let  us  leave  out  of  sight  com 
pletely  our  conceptions  of  the  nature  of  solutions,  and  for  the  present 
satisfy  ourselves  with  this  idea  of  (1)  the  complete  merging  of  the  separate 
existence  of  the  two  components,  the  w^ater  and  the  cupric  sulphate,  in  this 
new  thing,  the  solution,  (2)  in  indefinite  ratios. 

When  we  find  that  the  constituents  of  a  solid,  such  as  the  silica,  lime 
and  alkali  of  a  glass,  or  the  gold  and  silver  of  a  silver-gold  alloy,  have  thus 
completely  merged  and  sunk  their  separate  individual  existence  in  this  one 
new  10  y,  t  c  g  ass  or  the  alloy;  and  when  we  find  that  the  composition 
of  this  solid  is  not  m  definite  chemical  ratio  but  differs  by 'infinitesimal 
gradations  from  specimen  to  specimen,  we  say  that  it  has  the  essential 
c  larac  eristics  o  a  solution  so  far  as  those  characteristics  are  compatible 
with  solidity  itself;  and  we  call  the  mass  a  solid  solution. 
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As  to  the  expression  “  mixed  crystals  ”  it  seems  most  unfor¬ 
tunate,  because  it  is  so  liable  to  mislead,  for  it  certainly  would 
suggest  to  many  a  mechanical  mixture.  For  instance,  silver  and 
gold  dissolve  in  each  other  in  all  proportions,  and  the  crystals 
of  the  two  metals  thus  merged  are  spoken  of  by  some  as  mixed 
crystals  of  silver  and  gold.  This  certainly  will  suggest  to  many 
that  the  mass  is  a  conglomerate,  a  mechanical  mixture  of  particles 
of  pure  gold  and  particles  of  pure  silver,  which  is  exactly  the 
opposite  of  the  truth.  Indeed,  whether  we  speak  of  isomorphous 
“  mixtures  ”  or  of  “  mixed  ”  crystals,  the  idea  of  mixture  leads 
the  mind  rather  away  from  than  towards  the  conception  of  merg¬ 
ing,  which  is  the  essence  of  the  matter ;  while  “  solution  ”  in  it¬ 
self  suggests  merging. 

7.  Solid  Solutions  may  be  Heterogeneous.  —  Liquid 
solutions,  as  we  know,  are  habitually  homogeneous,  because  in 
the  liquid  state  diffusion  takes  place  with  considerable  rapidity,  so 
that  even  if  a  solution  is  initially  heterogeneous,  diffusion  tends 
to  make  it  homogeneous.  From  the  conditions  under  which  they 
form,  however,  and  from  the  slowness  of  diffusion  in  the  solid 
state,  we  should  expect  solid  solutions  to  be  heterogeneous.  (See 
§  55,  P-  66.) 

8.  Methods  of  Study  of  the  Constitution  of  Alloys. 
—  As  the  science  of  petrography  was  in  an  advanced  stage  when 
that  of  metallography,  of  the  constitution  and  structure  of  metals, 
was  in  its  infancy,  we  naturally  ask  why  the  methods  so  fully  de¬ 
veloped  for  petrography  have  not  been  applied  to  metallography. 

We  may  say  that  the  essential  procedure  in  petrography  is  to 
recognize  the  minute  or  even  microscopic  crystalline  grains  in 
our  rock-masses  bv  examining  them  with  the  microscope  and 
with  the  polariscope,  and  by  finding  that  they  have  the  same 
crystalline  form,  and  the  same  effect  on  polarized  light,  as  the 
large  crystals  of  the  same  minerals  with  which  we  are  already 
familiar' in  the  form  of  our  cabinet  specimens.  Having  deter¬ 
mined  accurately  the  crystalline  form  of  quartz  and  its  effect  on 
polarized  light  by  the  study  of  large-sized  cabinet  crystals,  we 
are  able  to  recognize  minute  or  even  microscopic  crystals  of 
quartz  by  finding  that  they  have  the  same  crystalline  form  and 
the  same  action  on  polarized  light.  Manifestly,  this  method  is 
wholly  inapplicable  to  metallography.  In  the  first  place  there 
are  verv  few  metals  and  alloys  of  which  we  have  cabinet  spec- 


192 


The  Mctallographist 


imens  suitable  for  standards  with  which  to  compare  the  crystal¬ 
line  form  or  other  properties  of  the  microscopic  crystals  which 
we  find  in  our  alloys. 

Moreover,  the  metals  and  their  alloys  are  opaque,  so  that 
the  polariscope  is  wholly  inapplicable.  The  discovery  of  the 
X-rays  may  have  given  rise  to  the  hope  that  by  them  we  could 
meet  the  difficulty  of  the  opacity  of  our  metals;  but  reflection 
shows  that  this  hope  was  vain.  For  in  most  cases  the  particles 
of  the  different  components  of  our  alloys  are  so  exceedingly 
minute  that  any  individual  grain  of  crystal  would  occupy  but  an 
insignificant  fraction  of  the  thickness  even  of  the  thinnest  pos¬ 
sible  section,  so  that  any  given  X-ray,  in  passing  through  such 
a  section,  would  pass  not  through  one  individual  grain  or  crystal 
of  a  given  component,  but  through  many  different  superposed 
crystals  of  all  the  different  components  which  were  present. 
In  this  way  the  shape  of  each  one  would  be  completely  obscured 
and  eclipsed  by  that  of  the  others,  and  the  effect  of  any  given 
particle  upon  the  X-rays  would  be  masked  by  the  effect  of  the 
other  crystals  through  which  that  same  ray  would  pass.  There 
are  indeed  a  few  cases  in  which  the  individual  crystals  are  large 
enough  to  be  thus  outlined  by  the  X-rays,  but  even  in  these  cases 
the  structure  can  be  more  readily  detected  by  microscopic  study 
of  the  surface  after  it  has  been  properly  prepared.  Thus  the 
X-ray  method  is  without  either  present  or  prospective  value. 

The  chief  method  actually  used  in  metallography  is  to  corre¬ 
late  the  results  of  our  examination  (i)  of  the  structure  as  re¬ 
vealed  by  the  microscope,  (2)  of  the  phvsical  properties  of  in¬ 
dividual  alloys,  and  (3)  of  the  physical  properties  of  series  of 
alloys  taken  as  a  whole.  The  meaning  of  this  third  method  I 
will  make  clear  later.  We  will  nowr  take  up  these  three  methods 
of  research  consecutively. 

9.  Microscopic  Examination.*  —  Many  of  our  alloys. 
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as  has  been  already  pointed  out,  have  a  granitic  or  porphyritic 
structure;  that  is  to  say,  like  a  granite  they  are  composed  of 
distinct  grains,  each  grain  being  some  one  distinct  entity,  and 
of  a  distinct  mineral  species;  and  the  different  grains  are  of 
two  or  more  different  species.  In  the  case  of  common  granite 
there  are  grains  of  three  different  mineral  species,  mica,  quartz 
and  feldspar,  lying  side  by  side;  and  any  individual  grain  is  of 
some  one  of  these  species. 

Now,  the  composition  of  granite  taken  as  a  whole  is  indeter¬ 
minate,  in  the  sense  that,  if  we  take  a  series  of  different  granites 
and  determine  their  ultimate  composition,  we  find  that  the  per¬ 
centage  of  silica  or  of  lime  varies  by  irregular  gradations  from 
one  specimen  to  the  next ;  and  the  percentage  of  these  compo¬ 
nents  might  vary  by  infinitesimal  gradations  from  one  granite  to 
the  next.  But,  though  the  composition  of  granite  is  in  this  sense 
wholly  indeterminate,  and  though  there  is  thus  no  possible 
composition  of  which  we  may  say  “  This  is  the  true  com¬ 
position  of  granite  ” ;  yet  each  of  the  several  minerals  which 
compose  the  granite,  the  mica,  quartz  and  feldspar,  is  a  per¬ 
fectly  definite  chemical  compound  with  definite  physical 
properties. 

So  many  of  our  alloys  are  granitic  or  porphyritic.  They 
are  found  bv  the  microscope  to  consist  of  grains  or  crystals  of 
different  definite  substances.  Each  grain  is  of  some  one  of 
these  substances,  and  these  different  unlike  grams  lie  side  by  side, 
like  the  mica,  quartz  and  feldspar  of  a  granite.  1  he  su  stances 
which  compose  these  different  grains  in  our  granitic  or  porphy¬ 
ritic  alloys  may  be  (1)  pure  metals*  or  (2)  definite  chemica 
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compounds  of  two  or  more  metals  with  each  other  in  rigidly  fixed 
atomic  proportions,  such  as  aluminide  of  gold  (AuA12),  antimo- 
nide  of  copper  (Cu8Sb3?)  and  antimonide  of  tin  (SnSb),  compa¬ 
rable  with  the  chemical  compounds  with  which  we  are  familiar  in 
common  inorganic  chemistry;  or  (3)  definite  chemical  com¬ 
pounds  of  a  metal  with  a  metalloid,  such  as  the  iron  carbide  (Fe3C) 
called  cementite ,  which  plays  a  very  important  part  in  the  metal¬ 
lography  of  iron  and  steel ;  etc.,  etc.  One  aim  of  microscopic  ex¬ 
amination  is  to  ascertain  whether  the  alloy  is  of  this  porphvritic 
type  and  consists  of  different  distinct  crystals  of  definite  chemical 
composition,  or  whether  it  is  of  the  obsidian  type  consisting  solely 
of  a  solid  solution;  or  whether  it  contains  both  definite  minerals 
and  also  solid  solutions.  The  further  aim  is  to  distinguish  the 
shape,  size  and  the  properties  both  physical  and  chemical  of 
these  various  components. 

The  first  step  in  general  is  to  polish  the  metallic  mass  so 
that  a  large  field  may  be  visible  under  high  magnification.  The 
second  is  to  subject  it  to  an  attack,  either  chemical  or  mechanical, 
which  will  affect  the  different  constituents  in  different  ways, 
and  thus  enable  us  not  only  to  distinguish  one  from  another  but 
also  to  determine  the  shape,  habit  and  properties  of  each.  Of 
these  methods  five  deserve  mention  here.  Of  these  the  first  three 
are  chemical,  the  fourth  mechanical,  and  the  fifth  partly  chemical 
and  partly  mechanical.  They  are  as  follows : 

(a)  Simple  attack  by  some  solvent  such  as  nitric  acid,  iodine 
or  licorice,  a  method  which  we  owe  to  Sorby.*  Such  a  method 
may  dissolve  away  one  component  more  than  another,  or  color 
one  component  differently  from  another,  or  it  may  simply  eat 
away  the  joints  between  adjacent  grains  of  crystals,  and  thus 
disclose  their  shape  when  they  are  later  examined  under  the 
microscope. 

(b  )  II  eyl  s  Method,  which  has  received  great  development 
in  the  hands  of  Charpy,  is  to  attack  by  means  of  a  solvent  under 
the  influence  of  a  very  gentle  electric  current.  Charpy  uses  as 
the  two  poles  (1)  the  alloy  which  is  under  examination  and  (2)  at 
times  platinum  and  at  times  another  alloy  of  a  composition  so 

appear  to  be  pure  metals  are  in  fact  not  quhT^Tbut  thaT^adi  ap- 
parendy  pure  metal  contains,  dissolved  in  itself,  a  little,  and  perhaps  a  very 
little,  of  each  of  the  other  metals  present. 

*  Journal  Iron  and  Steel  Institute,  1887,  I,  p.  256. 
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nearly  similar  to  the  first  that  the  electro-motive  force  shall  be 
very  feeble,  and  therefore  that  the  attack  shall  be  extremely 
gentle.'  This  gentleness  is  needed  in  all  our  methods.  The  par- 
tides  which  we  wish  to  recognize  and  identify  are  so  extremely 
minute,  and  often  so  feebly  held  in  place,  that  we  must  use  the 
utmost  gentleness,  whether  in  dissolving  or  in  mechanically  sepa¬ 
rating  one  from  the  other,  lest  we  remove  mechanically  those  com¬ 
ponents  which  we  seek  to  leave  untouched. 

(c)  Heat-Tinting.  The  different  constituents  may  be  differ¬ 
ently  colored  by  gently  heating  the  polished  surface,  so  that  the 
more  oxidizable  ones  become  covered  with  oxide  tints.  This 
method  has  been  used  by  Guillemin,  and  later  by  Stead,*  with 
most  valuable  results. 

(d)  Relief  Polishing.  Beyond  these  we  have  the  mechanical 
methods,  of  which  Osmond  s  “  relief-polishing  is  very  im¬ 
portant.  By  prolonged  very  gentle  polishing,  the  softer  constitu¬ 
ents  of  a  conglomerate  alloy  are  worn  away,  leaving  the  harder 
ones  standing  in  relief. f 

(e)  Osmond’s  “  attack-polishing  ”  combines  the  chemical 
and  mechanical  methods  happily.  He  polishes  the  surface  while 
it  is  exposed  to  a  reagent  which  attacks  or  colors  the  different 
constituents  differently,  so  that  disintegration  by  the  reagent  and 
removal  by  the  rubbing  go  hand  in  hand. 


THE  CASTING  OF  PIPELESS  INGOTS  BY  THE  SAUVEUR 
OVERFLOW  METHOD  f 

By  ALBERT  SAUVEUR  and  JASPER  WHITING 

Introductory.  —  The  formation  of  a  cavity  technically  called  a 
“  pipe  ”  in  the  upper  part  of  steel  ingots,  under  the  or¬ 
dinary  method  of  casting,  is  too  well  known  an  occurrence  to 

.  *  Journal  Iron  and  Steel  Inst.,  190°,  II,  P*  *37* 
fF  Osmond,  “  Mcthode  Generate  Pour  l’Analyse  Micrographique 
des  Aciers  au  Carbone,”  Bulletin  de  la  Societe  d’ Encouragement,  May, 
1895.  See  preferably  the  reprint  in  the  “Contribution  a  l’fitude  des 

Alliages,”  1896-19°°’  P-  277-  . 

tRead  at  the  July,  1903.  Meeting  of  the  American  Society  for  Test¬ 
ing  Materials,  Professor  Edgar  Marburg,  University  of  Pennsylvania, 
Secretary. 
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call  for  any  description.  If  a  “  piped  ”  ingot  be  cut  in  two  lon¬ 
gitudinally  this  defect  will  appear  as  shown  in  Fig.  1. 

The  great  advantage  which  would  result  from  being  able  to 
cast  pipeless  ingots  is,  of  course,  appreciated  both  by  producers 
and  consumers,  witness  the  strenuous  attempts  which  have  been 
made  to  eliminate  this  defect.  In  medium-high  and  in  high  car¬ 
bon  steel  the  pipe  occupies  from  twenty  to  forty  per  cent  of  the 
length  of  the  ingot.  In  the  manufacture  of  armor  plates  and  of 
some  expensive  forgings  as  much  as  forty  per  cent  of  the  ingot 
is  discarded  and  in  this  way  only  metal  free  from 
pipe  is  converted  into  finished  product.  In  the 
manufacture  of  other  implements,  however,  it  is 
safe  to  affirm  that  a  sufficient  amount  of  metal  to 
insure  absolute  freedom  from  pipe  is  very  seldom 
rejected.  Hence  the  danger  of  turning  out  defect¬ 
ive  material.  It  is  our  opinion  that  a  very  large 
proportion  of  the  failures  of  steel  implements  of  all 
kinds  in  the  process  of  manufacture,  in  the  testing- 
room,  or  when  in  use,  is  due  to  the  presence  within 
them  of  this  defect.  The  production  of  pipeless 
ingots,  therefore,  would  not  only  do  away  with 
the  rejection  of  a  large  amount  of  metal,  a  most 
important  item,  but  it  would  also  greatlv  reduce 
the  production  of  defective  implements.  The  com¬ 
mercial  value  of  this  last  consideration  will,  we 
believe,  be  readily  granted.  From  the  knowledge 
that  they  are  not  placing  on  the  market  finished 
implements  containing  this  hidden  flaw  —  a  cause 
of  much  weakness  and  of  probable  eventual  failure 
the  manufacturers  should  derive  a  feeling  of 
security  which  they  alone  can  fully  appreciate. 

In  the  production  of  many  implements  where  the  cost  of  the 
work  required  is  many  times  greater  than  the  cost  of  the  metal, 
as  for  instance  in  the  manufacture  of  saws  and  many  other  tools,  the 
handling  of  pipeless  ingots  would  result  in  a  saving  considerably 
greater  than  would  at  first  appear,  because  the  presence  of  a  pipe 
is  in  many  cases  only  discovered  when  the  implement  is  nearly 
ready  for  the  shipping-room,  that  is,  after  a  large  amount  of  ex¬ 
pensive  labor  has  been  put  upon  it,  and  the  cost  of  this  labor  is 
a  clear  loss  to  the  manufacturer.  Producers  of  such  implements 
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will,  we  believe,  readily  appreciate  the  importance  of  this  con¬ 
sideration. 

The  Overflow  Method.  — In  the  method  now  to  be  briefly 
described,  it  is  believed  that  a  practical  means  has  been  found  for 
the  casting  of  pipeless  ingots.  It  will  be  sufficient  for  the  pur¬ 
pose  of  this  paper  to  recall  in  a  few  words  the  cause  which  in¬ 
duces  the  formation  of  a  pipe.  After  molten  steel  has  been  cast 
into  an  iron  mould  the  metal  in  contact  with  the  bottom  and  sides 
begins  first  to  solidify.  After  a  relatively  short  while  the  top  of 
the  ingot  which  is  exposed  to  the  cooling  action  of  the  air  also 
becomes  solid  and  the  ingot  now  consists  of  a  rigid  metallic  shell 
holding  a  mass  of  molten  steel  as  shown  in  Fig.  2.  As  the  cooling 
proceeds  this  solid  shell  increases  in  thickness,  but 
since  steel,  like  most  substances,  undergoes  a  consider¬ 
able  contraction  in  passing  from  the  liquid  to  the  solid 
state,  the  mass  of  metal  which  when  liquid  was  suffi¬ 
cient  to  fill  the  space  within  the  solid  shell,  will,  after 
it  has  in  turn  solidified,  be  unable  to  fill  it  and  a  cavity 
must  necessarily  be  formed  in  the  upper  part  of  the 
ingot.  It  is  evident,  therefore,  that  the  formation  of 
the  pipe  is  due  to  the  fact  that  the  top  of  the  ingot 
solidifies  while  a  considerable  portion  of  the  metal 
below  it  is  still  liquid.  Once  the  top  has  become  rigid  1 
the  contraction  of  the  liquid  interior  in  passing  to  the  I 
solid  condition  must  necessarily  result  in  the  formation  Fio. 
of  a  cavity  or  pipe.  By  retarding  the  solidification  of 
the  top  we  should,  therefore,  decrease  the  size  of  the  pipe  and  if  it 
were  possible,  in  a  practical  way,  to  maintain  the  top  liquid  to  the 
verv  last,  that  is,  until  all  metal  below  it  has  solidified,  the  forma¬ 
tion  of  the  pipe  would  be  altogether  prevented.  Efforts  have  been 
made  in  this  direction,  such  for  instance  as  covering  the  top  of  the 
ingot  immediately  after  casting  with  fuel  or  with  molten  slag,  or  in 
reheating  the  top  of  the  mould.  All  such  attempts,  however,  re¬ 
sulted  only  in  a  slight  decrease  in  the  dimension  of  the  pipe  and 
were  accompanied  by  practical  objections  which  more  than  offset 
the  small  gain  effected. 

The  aim  of  the  present  method  is  to  maintain  the  top  of  each 
incrot  liquid  until  all  metal  below  has  solidified  and  to  do  so 
without  in  any  way  interfering  with  the  conduct  of  the  mill  opera¬ 
tions  or  adding  to  their  cost. 
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The  method  consists  in  so  connecting  a  number  of  moulds 
that  the  molten  metal  can  overflow  from  one  mould  into  the  next, 
while  pouring  is  continued  in  the  same  mould  until  any  desired 
number  of  moulds  beyond  have  been  filled. 


In  Fig.  3  is  shown  a  diagram  representing  in  elevation  seven 
moulds  which  we  will  suppose  so  connected  that  after  one  mould 
has  been  filled  if  the  supply  of  metal  be  continued  into  it,  the 
excess  of  metal  will  overflow  into  the  next  which  will  in  turn  be 
filled.  I  o  take  a  particular  case  let  us  suppose  that  we  cast  the 
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steel  into  mould  number  one  and  that  after  it  has  been  filled  we 
continue  pouring  into  this  same  mould  until  we  have  cast  into 
it  sufficient  metal  to  fill  the  next  five  moulds.  After  mould  num¬ 
ber  one  has  been  filled  the  metal  will  overflow  into  mould  number 
t\vo  and  when  this  one  has  been  filled  it  will  overflow  into  mould 
number  three  and  so  on  until  six  moulds  have  been  filled.  It 
will  be  seen  that  by  this  method  we  maintain  a  flow  of  molten 
metal  running  over  the  tops  of  the  solidifying  ingots  and,  there¬ 
fore,  retard  the  solidification  of  the  tops  which  is  our  desideratum. 
This  should  result  in  a  reduction  of  the  pipe  and,  if  sufficient 
metal  be  passed  over  the  tops,  in  the  complete  obliteration  of  this 
defect.  The  molten  metal  flowing  over  the  tops  of  the  ingots 
acts  after  the  fashion  of  a  sinking  head,  feeding  the  pipes  and, 
therefore,  preventing  their  formation. 

It  will  be  seen  that  in  the  example  we  are  considering  ingot 
No.  1  will  have  enough  metal  cast  upon  it  to  fill  five  moulds, 
ingot  No.  2  enough  to  fill  four  moulds,  ingot  No.  3  enough 
to  fill  three  moulds  and  so  on  to  the  last  ingot  which  had 
no  extra  metal  passed  over  its  top.  The  amount  of  molten 
steel  flowing  over  the  tops  of  these  ingots  decreases,  therefore, 
as  we  pass  from  the  first  to  the  last  ingot,  and  it  should  be  ex¬ 
pected  that  the  effectiveness  of  the  method  in  eliminating  the 
pipe  should  be  greatest  in  the  case  of  ingot  No.  1  and  should  then 
gradually  diminish. 

Segregation.  —  It  is  well  known  that  the  segregation  of  im¬ 
pure  metal  in  the  upper  part  of  steel  ingots,  that  is  in  the  piped 
portion,  is  due  to  the  fact  that  the  impurities  present  in  the  metal, 
especially  the  phosphides,  sulphides  and  carbides,  are  more  fusible 
than  the  metal  itself,  and  have  therefore  a  tendency  to  collect  in 
the  portion  of  the  ingot  remaining  molten  longest.  In  the  over¬ 
flow  method  these  impurities  should  naturally  rise  to  the  very 
top  of  the  ingot  and  should  then  be  carried  away  by  the  flow  of 
molten  metal  to  be  discharged  into  the  next  empty  mould.  Here 
however  they  should  be  diluted  so  largely  by  the  metal  from  the 
crucible  or  ladle  as  to  have  but  a  very  slight  effect  upon  the 
average  composition  of  the  ingot.  We  have  not  as  yet  had  the 
opportunity  of  testing  the  effect  of  the  method  upon  the  segrega¬ 
tion  of  impurities,  but  from  these  theoretical  considerations  it 
should  naturally  be  anticipated  th^t  if  it  does  not  prevent  it 
altogether  it  should  greatly  diminish  it. 
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The  Overflow  Method  axd  the  Casting  of  Crucible 
Steel  Ingots.  —  Numerous  experiments  were  conducted  with 
crucible  steel  ingots  in  order  to  ascertain  the  practical  value  of 
the  overflow  method.  The  results  obtained  in  casting  six  ingots, 
after  the  manner  just  described,  are  shown  in  Fig.  4.  which  / s 
the  reproduction  of  a  photograph  of  the  broken  tops  of  these 
ingots.  These  ingots  measured  3V2"  X  SVY  X  22*^"  and  weighed 
one  hundred  pounds.  The  steel  cast  contained  from  0.9  to  1  per 
cent  carbon  and  was  produced  in  a  regenerative  crucible  furnace. 

Ingots  cast  in  the  usual  manner  had  a  pipe  extending  about 
eight  inches  downward,  and  this  was  found  to  be  the  average  length 
of  the  pipe  for  the  grade  of  the  steel  and  the  size  of  the  ingots 
experimented  upon. 

Turning  our  attention  to  the  ingots  cast  by  the  overflow 
method,  it  is  seen  that  No.  1  and  No.  2  ingots  are  absolutelv  free 
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from  pipe.  They  are  solid  masses  of  metal  to  the  verv  top.  The 
metal  which  was  cast  upon  these  ingots  had  caused  their  tops  to 
remain  liquid  until  the  metal  below  it  had  become  solidified,  pre¬ 
venting  thereby  the  formation  of  a  pipe.  Xo.  3  ingot  shows  a 
small  cavity  measuring  about  one  inch,  while  Xo.  4  has  a  two- 
inch  pipe,  and  Xo.  5  a  four-inch  pipe.  Xo.  6,  which  is  not  shown 
here,  was  not  of  course  materially  improved.  These  experiments 
were  repeated  a  number  of  times  and  the  results  obtained  were 
m  even*  case  very  similar.  » 

The  results  which  liad  been  anticipated  from  purely  theo¬ 
retical  considerations  are.  therefore,  fully  confirmed.  From  the 
appearance  of  Xo  5  ingot  we  infer  that  the  passing  over  the  top 
of  an  ingot  of  sufficient  metal  ,0  fill  one  more  mould  bv  causing 

" YZ  ZrT  redUCC  d,e  of  pipe  some  fifty 

per  cent,  while  the  passage  over  the  molten  top  of  an  ingot  of 
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enough  metal  to  fill  four  or  at  the  most  five  more  moulds  will 
result  in  the  complete  elimination  of  that  cavity. 

In  Fig.  5  are  shown  a  number  of  pipeless  or  nearly  pipeless 
ingots  obtained  by  the  overflow  method. 

In  casting  six  ingots  then  in  the  manner  just  described,  while 
the  two  first  ingots  will  be  pipeless,  the  remaining  ingots  will 
have  small  pipes  of  increasing  length.  It  may  be  readily  con¬ 
ceived,  however,  that  the  overflow  method  may  be  conducted  in 
a  more  continuous  manner,  so  that  enough  metal  will  flow  over  the 
tops  of  all  the  ingots  to  make  them  pipeless,  namely,  in  the  present 
case,  enough  metal  to  fill  four  or  five  additional  moulds.  If  for 
instance,  returning  to  Fig.  3,  after  having  filled  six  moulds  by 
pouring  in  No.  I,  the  pouring  be  shifted  to  No.  2,  and  enough 
metal  be  cast  to  fill  mould  No.  7,  and  then  the  pouring  be  shifted 
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to  No.  3  and  enough  metal  be  cast  to  fill  No.  8  and  so  on,  it  is 
evident  that  the  necessary  amount  of  metal  will  flow  over  the 
top  of  each  ingot  to  prevent  the  formation  of  a  pipe. 

Instead  of  shifting  the  pouring  ladle  or  crucible  from  mould 
to  mould  it  is  evident  that  this  receptacle  may  remain  stationary 
and  that  the  moulds  themselves  may  be  brought  in  turn  under 
the  ladle,  by  being  mounted  on  cars  or  by  any  other  suitable 
means,  and  this  manner  of  Working  the  continuous  method  is  not 
unlikely  to  prove  the  most  attractive  of  the  two.  The  metal  from 
the  various  converters  of  a  Bessemer  plant  might  be  poured  into 
a  stationarv  mixer  and  from  it  cast  into  the  moulds  mounted  on 
cars  and  in  fast  running  American  mills  a  continuous  flow  of 
mixer  metal  might  be  maintained,  making  the  casting  process 
truly  continuous.  Among  the  advantages  resulting  from  such 
method  might  be  mentioned  the  elimination  of  the  “  butts  ”  result¬ 
ing  from  the  frequent  partial  filling  of  the  last  mould  inevitable 
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in  intermittent  casting  methods  and  which  is  a  source  of  con¬ 
siderable  loss  to  some  steel  makers,  and  notably  to  rail  makers. 

It  is  quite  obvious  that  the  amount  of  metal  which  must  flow 
over  the  top  of  an  ingot  in  order  to  make  it  pipeless  will  vary 
with  the  size  of  the  ingot,  the  temperature  of  the  metal,  the  rate 
of  cooling,  the  composition  of  the  steel,  etc.  In  each  mill  the  most 
desirable  manner  of  conducting  the  overflow  method  will  have 
to  be  ascertained  by  a  few  preliminary  experiments. 

Connection  between  Moulds.  —  A  suitable  connection 
between  moulds  had  to  be  devised  and  this  important  point  was 
finally  solved  with  complete  success  by  using  the  moulds  shown 
in  Fig.  6.  They  will  be  seen  to  be  three-sided  moulds,  each  mould 
moreover  being  in  two  sections  for  convenience  in  stripping. 
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When  these  moulds  are  properly  assembled  and  fastened  to¬ 
gether,  each  two  adjacent  moulds  have  a  common  wall  between 
them  at  the  upper  part  of  which  a  groove  is  provided  for  the 
overflowing  of  the  metal  from  one  mould  into  the  next.  These 
moulds  have  given  very  good  satisfaction.  They  are,  if  any¬ 
thing,  less  expensive  than  the  ordinary  style  of  moulds  used  in 
crucible  steel  manufacture. 

Teeming.  It  was  found  undesirable  to  teem  directly  into 
the  mould  as  in  doing  so  the  metal  is  agitated  to  too  great  a 
depth  during  the  teeming  to  allow  of  the  quiet,  undisturbed  cool¬ 
ing  desired.  To  avoid  this  disturbance  caused  by  the  fall  of  the 
metal  into  the  mould,  a  receptacle  was  used,  as  shown  in  Fig.  7. 
and  which  consists  of  a  crucible-like  appliance  provided  with  a 
false  bottom.  Each  bottom  is  provided  with  one  hole  of  suitable 
size.  This  crucible  rests  upon  the  mould  into  which  it  is  desired 
to  teem  and  the  steel  is  poured  into  it  in  the  usual  manner.  The 
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metal  flows  into  the  lower  chamber  and  from  it  into  the  mould. 
The  bottom  hole  being  larger,  the  lower  chamber  is  constantly 
being  drained  during  the  casting.  In  this  way  the  fall  of  the 
metal  is  broken  and  the  steel  in  falling  into  the  mould  produces 
very  little  agitation  of  the  molten  top. 

The  overflow  method  is  now  being  installed*  at  the  steel 
works  of  the  Simonds  Manufacturing  Company  of  Chicago  where 
the  experiments  were  conducted. 

The  Overflow  Method  and  the  Casting  of  Bessemer 
and  Open-hearth  Steel  Ingots.  —  It  was  quite  natural  to 
first  apply  the  method  to  the  casting  of  cru¬ 
cible  steel  ingots,  but  experiments  are  now 
under  way  to  ascertain  its  value  in  casting 
Bessemer  and  open-hearth  ingots. 

We  desire  here  to  express  our  wannest 
appreciation  to  the  management  of  the  Si¬ 
monds  Manufacturing  Company,  which  not 
only  allowed  us  to  make  the  tests  in  their 
mill,  but  rendered  us  invaluable  services 
through  their  intelligent  cooperation  and  good  will.  We  are  espe¬ 
cially  indebted  to  Mr.  Daniel  Simonds,  president  of  the  Simonds 
Manufacturing  Company,  to  Mr.  L.  E.  Howard,  Superintendent, 
to  Mr.  W.  C.  Bird,  Chemist,  and  to  Mr.  W.  G.  Merriman.  Super¬ 
intendent  of  the  steel  works. 


Fig.  7. 


ON  THE  CONSTITUTION  OF  CAST  IRON  * 

By  HENRY  M.  HOWE 

OF  the  constitution  of  steel,  and  of  the  relation  between  its  com¬ 
position  on  one  hand  and  its  microscopic  constitution  and 
its  physical  properties  on  the  other,  we  have  already  accumu¬ 
lated  much  knowledge.  It  appears  to  the  writer  that  this  knowledge 
offers  a  point  of  vantage  from  which  to  begin  the  study  of  the 
like  relation  between  the  composition  and  properties  of  cast  iron. 
It  is  true  that  an  important  class  of  writers  virtually  insists  that 
this  knowledge  must  not  thus  be  used,  apparently  holding  that  the 

*  Read  at  the  June,  1902,  Meeting  of  the  American  Society  for  Test¬ 
ing  Materials. 
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very  act  of  conferring  a  distinct  name,  cast  iron,  upon  the  iron- 
carbon  compounds  rich  in  carbon,  has  in  some  way  operated  to 
debar  investigation  along  this  line.  But  as  these  writers  ha\e 
offered  no  reason  in  support  of  their  injunction,  save  their  own 
undoubted  authority,  and  as  the  writer  is  no  respecter  of  authori¬ 
ties,  he  proposes  in  the  present  paper  to  resume  this  banned  mode 
of  study. 

Regarding  cast  iron  as  composed  of  two  distinct  parts,  (i) 
its  graphite,  and  (2)  the  remainder  of  the  mass,  which  is  metallic 
and  may  for  brevity  be  called  the  matrix  to  distinguish  it  from 
the  graphite,  I  advanced,  in  an  earlier  paper  *  the  principle  that 
the  strength  of  the  whole  mass  ought  to  be  (1)  inversely  as  the 
quantity  of  graphite,  which  I  regarded  as  necessarily  a  weakening 
and  embrittling  substance,  and  (2)  dependent  on  the  composition 
of  the  matrix,  increasing  or  decreasing  as  this  approached  or 
receded  in  either  direction  from  the  composition  of  the  strongest 
steel.  While  this  composition,  which  should  give  the  strongest 
matrix,  should  depend  greatly  on  the  quantity  of  the  different 
elements  such  as  silicon,  phosphorus,  manganese  and  sulphur, 
yet,  were  these  constant,  then  the  strongest  matrix  should  be 
that  with  1  or  1.20  per  cent  of  carbon,  because  that  is  the  srongest 
steel,  the  strongest  iron-carbon  compound,  as  appears  from  many 
investigations. 

In  the  present  paper  I  propose  to  develop  these  ideas  some¬ 
what,  and  in  particular  to  test  them  by  presenting  evidence  as  to 
the  truth  of  two  corollaries  from  them. 

Graphiteless  steel  and  graphiteless  white  cast  iron  seem  to 
form  a  single  continuous  series,  which  we  may  call  the  pearlite 
series.  That  is,  they  seem  to  consist  either  (1)  of  pearlite  alone, 
or  (2)  of  pearlite  plus  ferrite,  or  (3)  of  pearlite  plus  cementite, 
according  to  whether  they  contain  ( 1 )  0.80  per  cent  of  carbon,  or 
(2)  less  or  (3)  more  than  this  quantity. 

This  has  been  shown  to  be  true  for  our  common  carbon 
steels;  and  the  present  work  assumes,  for  simplicity,  that  it  is 
true  for  the  whole  range  of  graphiteless  steels  and  graphiteless 
white  cast  iron.  Naturally,  this  hypothesis  should  in  time  be 
tested. 

*  The  Constitution  of  Cast  Iron,  with  Remarks  on  Current  Opinions 
Concerning  It.”  Trans.  American  Inst.  Mining  Engineers,  XXXI,  p.  3& 
Feb.,  1901.—  The  Metallografihist,  Vol.  IV,  p.  177. 
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Table  1  gives  the  microscopic  constitution  of  this  pearlite 
series  on  this  hypothesis. 

Table  i.  —  Theoretical  Constitution  or  Microstructural  Composi¬ 
tion  of  the  Pearlite  Series,  Slowly  Cooled  Steel  and  White 
Cast  Iron. 


Name 


>  c 
5 


•J  ec 
U 


JJ 


Carbon 
Per  Cent 


o 

O.IO 

0.20 


O.3O 

O.4O 

O.50 

0.60 

O.7O 


0.80 
O.9O 
1.00 
I.IO 
1.20 
1.30 
I.4O 
1.50 
i  .Co 
1.70 
1.80 
1.90 


2.00 

2.10 

2.20 

2.30 

2.40 

2.50 

2- 75 

300 

3- 25 
3-50 
3-75 
4.00 

4.50 


Proximate  Composition 

Per  Cent 


Pearlite 


25 


37 

50 

62 

75 

87 


98 

97 

95 

93 

91 

90 

88 

86 

85 

83 

81 


80 

78 

76 

74 

73 

7« 

66.75 

62.5 

58.25 

54.0 

49-75 

45-5 

37.0 


Excess  * 
Ferrite 


Excess 

Cementite 


100 

88 

75 


63 

50 

38 

25 

*3 


3 

5 

7 

9 

10 

12 

14 

*5 

*7 

*9 


24 

26 

27 

29 

33-25 

37-5 

41.75 

46.0 

50-25 

54-5 

63.0 


Total 

Ferrite 


100 

98.5 

97.0 


95-5 

94-0 

92-5 

91.0 

89.5 


88.0 

86.5 
85.0 

83.5 

82.0 

80.5 

79-0 

77-5 

76.0 

74-5 

73-o 

71.5 


70.0 

68.5 
67.0 
65-5 
64.0 

62.5 
58-75 
55-o 
5I-25 

47.5 
43-75 
36.25 

32.5 


Total 

Cementite 


*•5 

3-o 


4-5 

6.0 

7-5 

9.0 


12.0 

*3-5 

15.0 

16.5 
18.0 

19.5 
21.0 

22.5 
24.0 

25.5 

27.0 

28.5 


30.0 
3 1  -5 
33-o 

34.5 

36.0 

37-5 

41.25 

45-0 

48.75 

Sl'S 

56.25 

63-75 

67.5 


•  “  Excess  Ferrite  ”  means  the  ferrite  In  excess  over  the  pearlite  ratio,  or  in  other  words 
the  free  or  structurally  free  ferrite  which  docs  not  form  part  of  the  pearlite.  "Total  Ferrite 
means  the  sum  of  this  execs,  ferrite  plus  that  contained  in  the  pearlite.  So.  mutmiu 
with  M  Excess  Cementite”  and  "Total  Cementite.” 
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Fig.  i  sketches  the  physical  properties  of  this  series  in  a 
general  way.  The  lines  here  given  must  be  taken  simply  as  indi¬ 
cating  roughly  the  normal  properties  of  the  materials.  It  should 
of  course  be  applied  with  great  caution.  For  instance,  we  know 
that  the  strength  of  steel  can  be  more  than  doubled  by  varying 
the  rate  at  which  it  is  cooled.  Other  causes  also  change  its 
strength  greatly. 

Gray  cast  iron,  together  with  those  high-carbon  steels  which 
contain  graphite  (though  this  is  usually  in  very  small  quantity), 
form  a  second  series,  which  we  may  call  the  graphito-pearlite 
series.  That  is  to  say,  they  consist  essentially  of  (i)  their 
matrix,  which  is  some  one  member  of  the  pearlite  series,  plus  (2) 
their  graphite.  • 


Fig.  1.  Physical  Properties  and  Assumed  Microscopic  Constitution  of  the  Pearlite 
Series.  Graphit-eless  Steel  Slowly  Cooled,  and  Whjte  Cast  Iron 

Not«.  By  “Total  Ferrite”  is  meant  both  that  which  forms  part  of  the  pearlite  and 
that  which  is  in  excess  of  the  pearlite.  tak^n  jointly.  So  with  the  “Total  Cementite." 


By  their  “  matrix  ”  I  mean  the  whole  of  their  ferrite  and 
cementite,  i.e.,  their  metallic  part.  This  forms  a  sort  of  metallic 
matrix,  in  which  is  imbedded  the  wholly  non-metallic  graphite 
practically  as  a  foreign  body.  This  matrix,  in  that  it  consists, 
according  to  our  hypothesis,  of  ferrite  and  cementite,  is  identical 
in  composition  and  constitution  with  some  one  member  of  the 
pearlite  series,  because  every  member  ot  that  series  is  thus  com¬ 
posed  ot  ferrite  and  cementite.  Thus  these  graphitiferous  steels 
and  cast  irons,  as  has  just  been  said,  consist,  according  to  our 
hypothesis  of  (1)  a  metallic  matrix  of  ferrite  and  cementite, 
identical  in  each  case  with  some  one  member  of  the  pearlite  series, 
and  (2)  their  graphite 
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Constitution  and  Properties  of  Mottled  and  Gray  Cast  Iron , 
the  Grafhito-Pearlite  Series.  —  In  the  paper  already  referred  to  I 
made  a  first  attempt  to  reconcile  the  constitution  and  properties 
of  the  pearlite  series.  That  task  was  a  relatively  simple  one; 
the  parallel  task  in  our  present  case  of  the  graphito-pearlite 
series  is  more  difficult,  perhaps  not  so  much  because  we  as  yet 
only  conjecture  the  constitution  of  this  series  and  because  our 
knowledge  of  its  properties  is  extremely  fragmentary,  as  because 
of  the  greater  complexity  of  its  constitution.  Table  1  shows  that, 
as  regards  the  relation  between  composition  and  constitution, 
we  may  for  our  present  purpose  assume  that  the  pearlite  series 
has  but  a  single  variable,  the  carbon -content ;  it  is,  as  it  were,  a 
single  line,  each  percentage  of  carbon  corresponding  to  a  fixed 
and  definite  percentage  of  ferrite  and  of  cementite  respectively. 
The  graphito-pearlite  series  on  the  other  hand,  has  two  variables, 
the  carbon -content,  and  the  distribution  of  that  carbon  between 
the  conditions  of  free  graphite  and  of  combination  as  cementite.* 
The  series  thus  is  not  a  single  line  but  a  field,  since  for  each 
percentage  of  total  carbon  the  distribution  between  the  graphitic 
and  cementite  states  varies  widely ;  and  with  each  of  these  vari¬ 
ables,  total  carbon-content  and  carbon-distribution,  the  constitu¬ 
tion  varies. 

Let  a  single  instance  of  each  of  these  variations  serve  as  an 
example,  adopting  our  present  hypothesis : 

(1)  Total  Carbon  Constant,  Graphite  Varies.—  A  cast  iron 
with  4  per  cent  of  carbon  may  have  all,  or  none,  or  an_\  lr*ter 
mediate  part  of  that  carbon  in  the  form  of  graphite.  I  t  le  w  10  e 
4  per  cent  is  graphite,  then  the  cast  iron  as  a  whole  is  a  cong  omcr 
ate  of  (1)  that  4  per  cent  of  graphite  plus  (2)  a  meta  ic  matrix 
forming  96  per  cent  of  the  whole  mass,  and  itse  consisting 
pure  ferrite.  If,  on  the  other  hand,  only  1  per  cent  of  that  carbon 
is  graphite  and  the  remaining  3.00  per  cent  is  combined  as  cement 
ite,  then  the  cast  iron  as  a  whole  is  a  conglomerate  of  (1)  1  per 


*  In  the  present  paper  I  discuss  the  constitution  ^  proper ues  of 
only  slowly  cooled  material  supposed  to  consist  o  pear  ^  wjU  fee  jn 
cementite,  together  with  graphite.  I  he  carb  P  i  e  cemeii- 

every  case  either  in  the  condition  of  grap  i*te ■  °r °  cementite 

tite  carbon.  “Combined  carbon,"  then,  'njh.s  amde  refer 
carbon,  which  for  uniformity  I  have  spoken  of  througnout 
carbon. 
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cent  of  graphite,  and  (2)  a  metallic  matrix  forming  99  per  cent 
of  the  whole  mass,  and  itself  containing  (4 — i)X  100  —  99  = 
3.03  per  cent  of  carbon,  and  therefore  by  Table  1  consisting  of 
54.55  per  cent  of  ferrite  and  45.45  per  cent  of  cementite,  or  say 
55  and  45  per  cent.  To  recapitulate  this : 

r 

Table  2 


Name  of  Cast  Iron 

Ter  Cent 
of 

Carbon 

t 

Constitution 

Graphite 
Per  Cent 

Metallic 

Matrix 
Per  Cent 

Constitution 
of  Matrix 

Ferrite 
Per  Cent 

Cementite 
Per  Cent 

Very  open  gray . 

4 

4 

4 

1 

96 

99 

100 

55 

0 

45 

Mottled . 

(2)  Graphite  Constant,  Total  Carbon  Varies.  —  Let  11s  next 
assume  that  there  is  1  per  cent  of  graphite,  and  that  the  total  car- 
bon  varies  from  3  to  4  per  cent.  With  3  per  cent  of  carbon,  the 
constitution  is  (1)  free  graphite  1  per  cent,  (2)  metallic  matrix  99 
per  cent,  itself  containing  (3  —  i)  X  100  -4-  99  =  2.02  per  cent  of 
carbon,  and,  therefore,  by  Table  r  consisting  of  ferrite  69.7  per 
cent,  cementite  30.3  per  cent,  or  say  70  and  30  per  cent. 

W  ith  4  per  cent  of  carbon,  on  the  other  hand,  the  constitution 
is  ( 1 )  as  before  1  per  cent  of  free  graphite,  and  (2)  as  before  99 
per  cent  of  metallic  matrix,  consisting  of  55  per  cent  of  ferrite  and 
45  per  cent  of  cementite.  To  recapitulate  this : 


Table  3 


Name  of  Cast  Iron 

Per  Cent 
of 

Carbon 

Constitution 

Graphite 
Per  Cent 

Metallic 
Matrix 
Per  Cent 

Constitution 
of  Matrix 

Ferrite 
Per  Cent 

Cementite 
Per  Cent 

Mottled  .... 

1 

Mottled  .... 

3 

1 

99 

70 

30 

7 

1 

99 

55 

45 
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Correspondence  Between  the  Constitution  and  Properties  of 
the  Series.  —  Rather  than  seek  to  cover  this  whole  area  of  the 
graphito-pearlite  series,  let  us  consider  a  single  line  in  that  area; 
for  the  principles  which  apply  to  that  line  should  apply  to  the 
area  as  a  whole.  Let  us  select  for  our  line  that  of  total  carbon  4 
per  cent,  and  graphite  varying  from  o  to  4  per  cent.  This  is  per¬ 
haps  the  most  useful  line  for  our  study,  because  it  passes  about 
through  the  average  of  our  commercial  pig  irons,  a  large  propor¬ 
tion  of  which  contain  not  far  from  4  per  cent  of  carbon,  i.e.,  are 
approximately  saturated  with  carbon  in  the  blast-furnace.  These 
irons,  or  the  most  important  of  them,  then,  differ  relatively  little  in 
their  total  carbon-content,  but  they  differ  very  greatly  in  the  dis¬ 
tribution  of  that  carbon  between  the  conditions  of  graphite  and  of 
combined  carbon. 

Let  us  see  how  far  the  properties  of  such  a  series  of  cast 
irons,  so  far  as  we  know  them,  agree  with  our  hypothesis,  that  each 
member  of  this  series  is  essentially  a  conglomerate  of  ( 1 )  the  cor¬ 
responding  member  of  the  pearlite  series  as  a  metallic  matrix,  and 
(2)  graphite. 

To  this  end  let  us  try  to  forecast  the  properties  of  this 
series  of  cast  irons  all  containing  4  per  cent  of  total  carbon,  but 
with  the  distribution  of  that  carbon  between  the  state  of  graphite 
and  that  of  cementite  varying.  All  the  carbon  that  is  not  in  the 
state  of  graphite  is  assumed  to  be  in  the  state  of  combined  carbon 
in  the  cementite  of  the  matrix;  which  assumption  fixes  the  con¬ 
stitution  and  composition  of  the  matrix  for  every  assumed  per¬ 
centage  of  graphite. 

In  order  to  arrive  at  this  forecast,  we  in  effect  ask,  in  what 
direction  and  how  much  should  the  properties  of  the  cast  iron  as 
a  whole  differ  from  those  of  its  matrix?  And  we  answer  this  on 
the  assumption  that  the  difference  between  the  properties  of  the 
cast  iron  and  those  of  its  matrix  is  solely  that  due  to  the  presence 
of  a  mechanical  admixture  of  graphite  in  that  matrix. 

We  next  ask,  as  a  means  of  verifying  our  hypothesis,  how  far 
does  this  forecast  agree  with  our  knowledge  of  the  properties  of 

such  cast  irons?  ♦ 

Fig.  2  may  facilitate  such  a  forecast.  First  the  lines  which 

in  Fig.  1  show  the  physical  properties  of  the  pearlite  series  and 
those  showing  the  proportion  of  ferrite  and  of  cementite  in  that 
series  are  here  reproduced,  with  the  same  lettering  as  in  Fig.  1. 


FiC.  *.  Physical  Properties  and  Assumed  Microscopic  Constitution  of  Cast  Iron  containing  a  per  cent  of  Carbon,  as 
Affected  by  the  Distribution  of  that  Carbon  between  the  Combined  and  Graphitic  States. 
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Name  of  the  cast  iron 
»•  e„  of  the  whole 

Z 

a 

8 

0 

| 

a. 

X 

Low  carbon 

*  * 

steel 

£■<  2 

Medium 

-  2  si 

carbon 

0  TJ  3 

steel 

3  H"  BQ 

c.  3 

— 

O 

r 

X 

w$3' 

Is 

f 

111? 

sss 

p 

n 

5 

3 

3 

White 

cast 

iron 

On  the  Constitution  of  Cast  Iron 


211 


These  lines  are  supposed  to  show  the  constitution  and  properties 
of  the  matrix,  for  varying  composition,  i.e.,  for  varying  carbon- 
content,  of  that  matrix  on  the  assumption  that  the  properties  of  the 
matrix  itself,  its  tensile  strength,  ductility  and  hardness,  are  the 
same  as  those  of  a  graphiteless  steel  or  a  graphiteless  white  cast 
iron  which  has  the  same  carbon-content  and  hence  the  same  micro¬ 
scopic  constitution  as  the  matrix.  For  instance,  the  mottled  cast 
irornof  the  second  line  of  Table  3  is  represented  by  ordinate  W 
of  Fig.  2.  Table  3  shows  us  that  the  constitution  of  its  matrix  is 
ferrite  55  per  cent,  cementite  45  per  cent.  Turning  now  to  Table  1 
we  find  that  this  is  the  constitution  of  white  cast  iron  con¬ 
taining  3  per  cent  of  total  carbon,  all  of  which  is  combined 
as  cementite.  Accordingly,  the  lines  in  Fig.  2  which  give  the  con¬ 
stitution  of  this  matrix  (“  Per  cent  Ferrite  in  matrix  ”  and  “  Per 
cent  Cementite  in  matrix”)  cut  this  ordinate  W  at  55  per  cent 
and  45  per  cent  respectively.  Next,  Fig.  2  assumes  that  the  propv 
erties  of  this  matrix  itself,  as  distinguished  from  the  cast  iron 
which  contains  it  are  the  same  as  the  properties  of  such  a  white 
cast  iron  with  55  per  cent  ferrite  and  45  per  cent  cementite ;  hence 
the  line  “  Tenacity  of  matrix  ”  cuts  ordinate  I  f  at  the  same 
height  as  that  at  which  it  cuts  the  3  per  cent  carbon  ordinate  in 
Fig.  1 ;  and  so  with  the  lines  “  Hardness  of  matrix  and  Ductil¬ 
ity  of  matrix.” 

These  three  lines,  then,  give  us  the  tenacity,  ductility  and 
hardness  on  the  present  hypothesis,  of  the  matrix  of  each  cast 
iron  of  this  series  shown  in  Fig.  2,  as  a  basis  for  forecasting  the 
properties  of  the  cast  irons  themselves  regarded  as  a  conglomerate 
of  (1)  their  matrix  and  (2)  graphite;  the  properties  of  this  con¬ 
glomerate,  i.e.,  of  the  several  cast  irons  each  taken  as  a  single  con¬ 
glomerate  whole,  are  represented  by  the  lines  “  Tenacity  of 
whole  ”  “  Ductility  of  whole  ”  and  “  Hardness  of  whole.  The 
forecast  which  will  here  be  made  will  be  a  first  attempt  to  de¬ 
termine  the  position  of  these  three  lines,  as  inferred  from  our 

hypothesis.  .  , 

Above  the  diagram  is  a  line  showing  the  trade  name  or  grade 

Of  the  cast  iron  as  a  whole,  and  above  it  a  second  line  showing 
the  nature  of  the  matrix  by  what  we  may  call  its  trade  name.  In 
other  words,  this  line  gives  the  trade  names  of  the  different  classes 
of  steel  or  cast  iron  to  which  the  matrix  corresponds  in  constitu¬ 
tion  in  different  regions  of  this  series.  For  instance,  the  words 
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“  Medium  carbon  steel  ”  in  this  line  mean  that  the  matrix  of 
the  cast  irons  beneath  these  words  has  the  same  ultimate  chemical 
composition  and  therefore,  on  our  hypothesis,  the  same  micro¬ 
scopic  constitution,  i.e.,  the  same  percentage  of  ferrite  and  cemen- 
tite,  and  also  the  same  physical  properties,  which  medium  carbon 
steel  has. 

Below  the  diagram  are  given  the  observed  properties  of  the 
different  kinds  of  cast  iron  here  represented,  and  the  kinds  of 
uses  to  which  they  are  fitted. 

Attempt  at  a  Forecast. 

Let  us  first  ask,  “  How  should  the  interspersing  of  flakes  of 
graphite  affect  the  properties  of  the  several  members  of  the  pearlite 
series?  Or,  in  brief,  ‘‘Should  the  tenacity,  hardness  and  duc¬ 
tility  lines  of  the  graphito-pearlite  series  lie  above  or  below  those 
of  the  pearlite  series,  and  how  far  above  and  below  ?  ” 

At  the  right  end  of  the  diagram,  where  graphite  is  zero,  each 
line  for  the  properties  of  the  cast  iron  as  a  whole  should  touch  the 
corresponding  line  of  the  matrix ;  i.e.,  the  properties  of  the  matrix 
and  of  the  whole  are  identical  because  the  matrix  is  the  whole. 
This  fixes  the  right-hand  end  of  each  line. 

Let  us  consider  the  position  of  the  remainder  of  the  line  for 
tensile  strength,  and  then  for  ductility  and  hardness. 

I  ensile  Strength.  —  As  graphite  is  itself  a  very  weak  sub¬ 
stance,  interspersing  flakes  of  it  through  our  metallic  matrix 
should  be  qualitatively  like  setting  weak  links  in  a  strong  chain; 
or,  since  the  flakes  of  graphite  are  not  continuous,  like  here  and 
there  notching  or  sawing  part  way  through  certain  links  of  a 
chain.  It  needs  no  persuasion  to  show  that  these  continuity- 
destroying  flakes  should  weaken  the  mass,  and  that  the  weaken¬ 
ing  effect  should  increase  with  their  quantity.  We  admit  then 
that  the  tenacity  line  for  the  cast  iron  must  throughout  lie  beneath 
that  of  the  matrix. 

Mow  far  below  D  will  its  left-hand  end  lie?  From  our 
general  knowledge  of  the  facts  we  may  put  the  strength  of  this 
cast  iron,  i.e.,  the  position  of  G,  at  12,000  pounds  per  square  inch, 
as  the  tensile  strength  of  a  very  weak  cast  iron.  At  first  we 
should  suppose  that  as,  on  passing  to  the  right,  the  proportion 
o  graphite  decreases  continuously  and  regularly,  so  should  its 
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influence,  and  so  in  fine  should  the  gap  between  the  tenacity 
line  for  the  cast  iron  and  that  for  the  matrix  decrease  regularly; 
that  is  to  say,  the  distance  between  the  two  lines  should  be  a 
regularly  decreasing  percentage  of  the  ordinate  of  line  DEF :  in 
short,  we  should  at  first  expect  a  regularly  decreasing-pcrccntagc 
gap .  But  this  assumption  would  be  too  far  wrong,  as  appears 
clearlv  even  on  the  superficial  examination  here  possible.  Let  us 


look  a  little  into  this  question. 

The  weakening  effect  of  graphite  is  due  primarily  to  its 
breaking  up  the  continuity  of  the  metallic  matrix.  Assuming 
first,  for  the  moment,  that  the  influence  of  the  graphite  is  pro¬ 
portional  to  the  area  of  the  flakes  of  graphite,  and  that  the  area 
is  proportional  to  the  percentage  of  graphite,  and  assuming  as 
we  have,  that  the  left-hand  cast  iron  of  our  series  with  4  per 
cent  of  graphite  and  no  combined  carbon,  has  a  tensile  strength  of 
12,000  pounds  per  square  inch  against  50,000  pounds  in  case  of 
pure  ferrite,  then  in  this  case  the  weakening  effect  of  our  4  per 
cent  of  graphite  is  50,000—12,000  =  38.000  pounds  per  square 
inch  or  76  per  cent.  Supposing  the  influence  of  graphite  to 
remain  proportional  to  this,  what  should  the  strength  of  the  cast 
iron  with  matrix  of  composition  £  be?  The  percentage  of 
graphite  in  this  iron  is  2.80.  The  weakening  effect  ot  this 
quantity  of  graphite  should  be  76  X  2 -8°  _r”  4  °°  53  ce^- 

The  tensile  strength  of  the  matrix  itself  should,  from  Fig.  2,  be 
135,000  pounds  per  square  inch.  As  the  tensile  strength  o  t  e 
cast  iron  as  a  whole  is  to  be  53  P<*  cent  below  that  of  the  matrix, 
it  should  be  135,000  (100  —  53)  =  100  -  63.500. 

This  then  is  the  first  result  of  our  attempt  to  test  our 
hvpothesis.  Is’ this  result  sufficiently  near  the  truth  to  support 
the  hvpothesis?  Manifestly  not.  From  all  our  knowledge  of 
the  subject,  it  is  highly  improbable  that  cast  iron  of  this  com¬ 
position,  combined  carbon  1.20  per  cent,  graphite  2.80  per  cent, 

has  so  great  tensile  strength.  # 

In  view  of  this,  we  next  consider  whether  m  making  our 
calculation  we  have  not  omitted  some  important  consideration, 
which  should  affect  our  result,  and  bring  it  closer  to  the  truth. 
Manv  such  considerations  may  exist;  three  certainly  suggest 
themselves  Of  these  the  first  two  have  to  do  with  the  rate  at 
which  the  influence  of  the  graphite  increases,  while  the  third  has 
to  do  with  the  variations  in  the  effect  of  the  graphite  due  to  its 
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changing  composition  and  properties  of  the  matrix  itself.  \\  e 
will  now  take  these  up  consecutively. 

The  Influence  oi  the  Graphite  Increases  Less  Than  Pro¬ 
portionally  to  its  Percentage.  —  For  simplicity  I  have  thus  far 
assumed  that  the  influence  of  the  graphite  on  tensile  strength 
ought  to  be  proportional  to  the  percentage  of  that  substance. 
This  might  be  true  in  case  the  dimensions  of  the  individual 
flakes  of  graphite  remained  constant,  so  that  a  cast  iron  with 
4  per  cent  of  graphite  differed  from  one  containing  2  per  cent 
simply  in  having  twice  as  many  flakes,  but  of  the  same  area  and 
thickness.  If,  however,  the  increase  in  the  quantity  of  graphite 
was  accompanied  by  a  change  in  the  size  or  shape  of  the  individual 
flakes,  then,  while  the  influence  of  the  graphite  should  still  in¬ 
crease  as  the  quantity  of  graphite  increased,  so  that  the  influence 
of  the  graphite  should  be  as  some  power  of  its  percentage,  yet 
this  power  should  not  be  unity. 

Two  considerations  go  to  show  that  this  power  should  be 
less  than  unity,  or  in  other  words,  that  the  first  small  quantity 
of  graphite  ought  to  have  a  more  powerful  effect,  per  cent  for 
per  cent,  than  later  additions.  These  considerations  are  as  fol¬ 
lows  : 

If  we  were  to  assume  that,  as  the  percentage  of  graphite 
increased  the  number  of  flakes  of  graphite  remained  constant, 
and  that  each  flake  or  sheet  grew  simultaneously  both  in  thick¬ 
ness  and  in  width,  so  as  to  preserve  the  initial  relation  between 
its  thickness  and  its  area;  then  the  area  of  the  flakes  should 
increase  as  the  two-thirds  power  of  the  percentage  of  graphite. 
Now  it  might  be  reasonably  held  that  the  weakening  effect  of 
these  flakes  of  graphite  should  be  more  nearly  proportional  to 
the  area  of  the  several  flakes  than  to  their  volumes;  and  hence 
that,  on  this  assumption,  the  influence  of  the  graphite  should 
increase  more  nearly  as  the  two-thirds  power  of  the  percentage 
of  graphite  than  directly  as  that  percentage. 

As  it  is  probable  that,  as  the  graphite  increases,  there  is  an 
increase  both  in  the  number  of  flakes  and  in  the  area  of  certain 
of  them,  this  consideration  points  to  a  power  between  two-thirds 
and  unity. 

The  second  of  our  three  considerations  is  that,  once  our 
matrix  has  been  weakened  by  the  notching  effect  of  the  presence 
of  a  certain  given  quantity  of  graphite,  a  further  increase  in 
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this  notching  through  an  increase  in  the  percentage  of  graphite 
should  not  have  a  proportionally  great  effect.  This  may  be 
made  clearer  by  considering  the  effect  of  a  like  increase  of 
notching  on  the  strength  of  a  strip  of  cloth  under  tensile  stress. 

Thus,  if  we  were  to  cut  above  the  notch  A  in  Fig.  3  a 
second  notch  just  like  it,  this  second  notch  should  not  materially 
add  to  the  weakening  effect  caused  by  the  first.  Nor,  if  a 
second  notch  should  be  cut  at  the  opposite  edge  of  the  cloth,  on 
the  same  horizontal  line  as  A,  is  it  clear  that  this  second  notch 
would  add  greatly  to  the  effect  of  the  first.  It  would  be  like 


\ 

a  beef 
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Fig  3.  Effect  of  Notching  on  Tensile  Strength 

filing  on  one  side  of  a  given  link  in  a  chain  a  notch  exactly 
like  that  one  already  filed  on  the  other  side  of  that  link.  The 
second  notch  would  certainly  weaken  the  chain  somewhat,  but  it 
would  not  double  the  effect  of  the  first  notch.  Here,  then  is  a 
second  reason  for  holding  that  the  weakening  influence  of  the 
notching  caused  by  the  presence  of  flakes  of  graphite  should 
increase  according  to  some  power  less  than  unity,  of  the  per- 

centage  of  graphite  itself..  .  ,  . 

As  the  immediately  preceding  consideration  pointed  to  a 
power  between  two-thirds  and  unity,  and  as  this  last  cons.dera- 
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tion  makes  for  a  further  lowering  of  the  power,  let  us  adopt 
temporarily  two-thirds  as  this  power,  and  again  calculate  on 
this  new  assumption  the  tensile  strength  of  cast  iron  with  matrix 
E.  Doing  this  we  find  that  the  presence  of  2.80  per  cent  graphite 
lowers  the  tensile  strength  by  60  per  cent,  which  gives  a  calcu¬ 
lated  tensile  strength  of  54,000  pounds  per  square  inch  * 

But  this  is  still  too  high;  it  is  not  probable  that  cast  iron 
of  this  composition,  combined  carbon  1.20  per  cent,  graphite  2.80 
per  cent,  has  such  great  strength.  So  we  turn  to  our  next  con¬ 
sideration,  based  on  the  changing  constitution  and  properties  of 
the  matrix. 

Influence  of  the  Properties  of  the  Matrix  on  the  Weakening 
Effect  of  the  Graphite.  —  The  third  consideration  to  which  atten¬ 
tion  is  asked  is  that  the  weakening  effect  of  the  graphite  should 
increase  with  the  carbon-content  of  the  matrix,  which  the  graphite 
weakens  through -breaking  up  its  continuity. 

This  breaking  up  of  continuity  is  in  effect  like  nicking  or 
notching  our  matrix.  But  all  our  experience  shows  us  that  the 
effect  of  notching  varies  greatly  with  the  nature  of  the  material 
notched.  In  two  like  rods,  one  of  oak  and  the  other  of  glass,  file 
a  like  sharp  notch.  The  strength  of  the  oaken  rod  is  hardly 
affected,  while  that  of  the  glass  rod  is  lessened  out  of  all  pro¬ 
portion  to  the  quantity  of  material  removed  by  filing,  so  that 
the  rod  is  easily  snapped  by  the  fingers.  The  effect  is  like  that 
of  notching  one  edge  of  a  strong  roll  of  cloth  (Fig.  3).  Suppose 
that  such  a  piece  of  cloth  is  firmly  gripped  at  its  two  ends  by  the 
frames  D  and  E,  and  that  these  frames  are  pulled  away  from 

♦The  details  of  the  calculation  are  as  follows:  We  have  already  cal¬ 
culated  that  the  weakening  effect  of  4  per  cent  of  graphite  was  76  per  cent, 
i.c.,  that  it  brought  the  tensile  strength  of  the  cast  iron  as  a  whole  76  per 
cent  below  that  of  its  matrix.  Following  the  assumption  that  the  weaken¬ 
ing  effect  of  the  graphite  is  as  the  two-thirds  power  of  the  percentage  of 
graphite,  the  weakening  effect  of  the  2.80  per  cent  of  graphite  cor¬ 
responding  to  point  E  should  be  found  by  the  proportion : 

—1  - f 

4  :  2.80  —  76  :  x  =  60  per  cent. 

1  he  tensile  strength  of  this  cast  iron  with  2.80  per  cent  of  graphite 
and  1.20  per  cent  of  combined  carbon  should  be  60  per  cent  less  than  that 
of  its  matrix ;  this  we  have  already  seen  has  a  tensile  strength  of  135,000 
pounds  per  square  inch;  so  that  the  tensile  strength  of  this  cast  iron 
should  be  i35»ooo  X  4° -r- 100 =  54,000  pounds  per  square  inch. 
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each  other;  the  cloth  conies  under  tensile  stress,  which  we  may 
assume  is  evenly  distributed,  and  represented  by  the  arrows. 
Because  of  the  notching,  the  material  at  A,  which,  but  for 
notching,  would  have  to  resist  only  stress  dd,  now  has  in  addition 
to  resist  a  large  part  of  stresses  aa,  bb  and  cc.  t  )ie  s  “ 
the  concentration  of  stress,  as  then  does  its  next  successor  when 
in  turn  exposed  to  the  stress,  and  so  the  piece  :>rea  s 
in  detail.  But  the  pliant  oak  or  lead  or  copper  >s  affected 
relatively  slightlv  f>y  such  notching,  an  so  is  , 

ferrite,  as  we  know  it  in  the  low-carbon  steels  and  wrought 

""let  us  apply  this  to  the  pearlite  series.  The  lucent 

carbon  steel  represented  by  point  E  in  1‘tg-  2  lb  *  rc  a  ferrite 
unyielding  material,  with  but  little  ductility  ;  the r  Nearer  “ 
represented  by  D  is  extremely  ductile.  The  *orme  it  ig  to 

glass,  the  latter  to  oak  or  copper  in  its  properties, 
be  expected  that  a  given  degree  of  notching  ^janove  a 
far  grater  fraction  of  the  strength  of  the  “L/1™  °  f  nd 
lauef.  Hence  it  would  not  be  at  a, 

that  the  strength  of  the  cast  iron  c  l  g  should 

being  ,00-60  =  40  per  cent  of  E  or  54.ooo  ^  x  0 ,30 

actually  have  only  say  3°  P"  reasoning,  the 

=  40,500  pounds  per  It  is  clearly  con- 

tensile  strength  line  GAf  ha  ^  the  facts>  s0  far  as 

jectiiral ;  yet  it  appears  to  fit  lair  > 

observed,  and  our  hypothesis.  •  _ The  high  tensile 

Tensile  Strength  of  UMUM W*  ■ ^ ^  ^ 
strength  of  malleable  cast  |ron  thc  size  o{  the  particles  of 
hypothesis,  and  with  the  view  hite  should  influence  the 

graphite  as  well  as  the  quantity  ot  grap 

tensile  strength  grea^>'.  ,  maiieable  castings  have  three 
Indeed,  the  fart  that  these  ^  ^  QUght 

features,  each  of  wind  ,  rk  the  great  strcngth  of 

lead  to  high  tensile  strengh;hfs  hvpothesis.  In  other  words,  the 
these  castings  a  suppo  according  to  our  hypothesis  ought 

fact  that  these  castings,  ^<*^0^  #  the 

to  be  strong,  actually  are  very  t,. 

hvpothesis^ree  of  the  constitution  of  malleable  cast  iron 

to  which  I  refer  arc  the  following: 
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(1)  Its  total  carbon  is  in  general  much  less  than  that  of 
common  gray  cast  iron. 

(2)  In  many  of  the  reported  analyses  the  combined  carbon 
is  not  far  from  1.20  per  cent. 

(3)  Its  flakes  of  graphite  are  extremely  fine,  whereas  those 
of  gray  cast  iron  are  very  much  coarser. 

Now,  reasons  (1)  and  (2)  are  not  in  themselves  sufficient 
to  account  readily  for  the  high  tensile  strength  of  these  castings. 
Hence  we  refer  part  of  this  high  strength  to  the  third  reason,  the 
fineness  of  the  graphite  itself. 

Ductility.  —  (1)  Qualitatively.  But  little  persuasion  is 
needed  to  convince  one  that  interspersing  flakes  of  a  non- 
extensible,  i.e.,  non-ductile  (though  indeed  flexible),  substance 
like  graphite  through  the  metallic  matrix  should  lessen  its  duc¬ 
tility.  Ductility  implies  flow  and  rearrangement  of  the  particles 
of  the  metal,  which,  as  the  mass  is  drawn  out,  should  perform  the 
“  ladies’  chain 9*  figure  of  the  quadrille,  a  given  particle  relin¬ 
quishing  its  grasp  on  some  of  its  initial  neighbors  and  instead 
attaching  itself  to  new  intimates.  The  least  consideration  of 
what  takes  place  during  elongation  beyond  the  elastic  limit  gives 
us  this  idea  ;  and  the  beautiful  experiments  of  Ewing  and  Rosen- 
hain  show  that  this  conception  is  essentially  true.  Conceive  a 
ductile  metallic  ball  one  inch  in  diameter  gradually  drawn  out 
into  a  thin  wire  one-hundredth  of  an  inch  in  diameter  and  555  feet 
long.  When  we  begin  to  elongate  the  sphere  and  before  the 
elastic  limit  is  reached,  each  small  particle  (or  let  us  say  each  mole¬ 
cule,  whichever  conception  is  the  easier)  may  be  supposed  to  elon¬ 
gate  proportionally,  like  the  particles  of  a  rubber  ball,  each  molecule 
retaining  its  initial  contact  with  all  of  its  neighbors.  Hence  the 
return  to  the  initial  shape  when  the  deforming  stress  is  released. 
But  when  the  elastic  limit  is  passed  we  are  forced  to  suppose  that 
some  at  least  of  the  molecules  part  company  with  some  of  those 
with  which  they  were  initially  in  contact,  and  attach  themselves 
to  new  ones.  Thus  our  sphere  had  a  surface  of  3.14  square 
inches ;  our  wire  has  a  surface  of  209  square  inches,  or  66  times 
as  much.  Now,  were  our  new  and  great  surface  composed  ex¬ 
clusively  of  the  initial  surface  molecules,  each  so  distorted  as  to 
offer  66  times  as  much  surface  as  initially,  and  were  this  same 
distortion  to  extend  through  the  mass,  then  on  releasing  the  stress 
these  molecules  should  all  resume  their  initial  dimensions,  and  so 
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should  the  mass  as  a  whole  return  to  its  initial  spherical  shape ; 
in  short,  the  elastic  limit  should  not  have  been  passed.  The  very 
fact  that  it  has  been  passed  indicates  that  the  individual  mole¬ 
cules  have  undergone  something  more  than  the  deformation  of 
those  of  a  rubber  ball ;  and  this  “  something  more  ”  is,  I  take  it, 
a  regrouping,  a  ladies’  chain,  a  divorce  and  remarriage. 

To  bring  about  this  supposed  66-fold  increase  of  the  surface, 
many  molecules  which  were  initially  submerged  below  the  sur¬ 
face  must  have  emerged  to  the  surface.  Conceiving  for  the 
moment  that  each  molecule  is  a  perfect  cube,  and  that  all  our 
cubes  are  laid  square,  it  follows  that  every  submerged  molecu  e 
has  contact  with  a  neighbor  on  six  of  its  faces,  \shile  e\er> 
emerged  one  is  in  contact  with  only  five  of  its  neighbors:  in 
other  words,  that  that  one  of  its  six  faces  which  forms  part  of 
the  surface  of  the  sphere  is  without  such  contact.  And  no  matter 
what  shape  we  assign  to  the  molecules,  a  like  conception  on 
in  our  minds.  Now  the  66-fold  increase  in  the  area  of  surface, 
i.e.,  in  the  number  of  surface  molecules,  implies  that  each  of  an 
enormous  number  of  molecules  which  were  mitia  >  su 
and  in  contact  with  six  neighbors,  in  emerging  an  reac  1 
present  state  of  contact  with  only  five  neighbors  must  at  th 
very  least  have  parted  company  with  one  of  its  initial  neighbors, 
and  we  cannot  resist  the  inference  that  this  parting 
simplv  one  of  many  steps,  of  many  linkings  an  un *  *  j  ’ .  .  ;  ( 
ably  thousands  of  them,  during  the  drawing,  out  from  the  initial 

state  of  a  sphere  into  the  final  state  of  a  w  ire.  .  . 

Our  conception  that,  while  distortion  within  the  elastic  limit 

dJ «  Tntpl "  regrouping  of  *«  P*™^ 

that  limit  does,  is  strengthened  by  considering  he  d.stort.on^of 

cotton.  The  loose  wool  cotton  "jaybe ? '  [nelasti  it 

into  every  kind  of  shape,  and  it  is  practical  - 

doe,  no,  return  ,o  i«  "»»'  *■<*•  Th“'* 

are  -  tart,  ~  ?££,£  j£  ^ 

^.^..r^ndX  elastic  .inti,  ,  lump  o.  ,neh  m«nn 

,  r  .7™  ”  nften  called.  “  cotton  wool,"  I  refer  to  the 

*  By  the  “  wool  o  co  ,  cotton  thread  and  cot- 

loose  cotton  before  spinning,  «  and  is  familiar  to  all  as  the 

^  "•hick  jewelers  put  loo*.y  into  small 
boxes  to  hold  small  pieces  of  jewelry. 
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wool  may  be  regarded  as  extremely  ductile  in  the  sense  that, 
while  wholly  inelastic,  it  can  be  distorted  or  drawn  out  in  any 
direction  and  to  a  very  great  degree,  and  that  when  thus  drawn 
out  it  retains  its  new  shape  instead  of  returning  elastically  to  its 
original  shape.  Now,  we  may  refer  this  quasi-ductility  to  the 
facility  with  which  the  unclosed  hooks  of  the  loose  cotton  release 
one  another  and  immediately  hook  into  new  ones.  But  let  us 
spin  that  cotton  into  thread  and  thereby  lock  hook  into  hook 
so  firmly  that  this  divorce  and  remarriage  is  no  longer  possible, 
and  ductility  is  nearly  destroyed.  The  thread  can  undergo  very 
little  distortion  beyond  the  elastic  limit;  and  this  we  may  say  is 
because  remarriage  is  impossible,  and  this  in  turn  because  the 
interlocking  is  so  firm  that  if  divorce  occurs  it  destroys  the  hooks 
themselves,  without  which  remarriage  cannot  occur.  This  may 
aid  our  conception  that  ductility,  i.e.,  the  power  of  being  elongated 
past  the  elastic  limit,  of  taking  great  permanent  set,  implies  power 
of  the  particles  to  divorce  and  remarry. 

Now  this  remarrying  power  must  of  course  be  interfered 
with  by  the  presence  of  any  foreign  body  like  graphite.  Any 
given  molecule  can  during  distortion  readily  part  from  its  initial 
neighbors ;  but  how  can  it  embrace  a  new  one  from  which  it  is 
separated  by  a  layer  of  graphite,  even  if  that  be  ever  so  thin  ? 

How  then  is  slag-bearing  wrought  iron  ductile?  It  is  duc¬ 
tile  along  the  grain,  because  under  distortion  parallel  with  them¬ 
selves  the  rods  of  slag  do  not  interfere  with  remarriage.  But  it 
is  brittle  across  the  grain  because  they  do  interfere  with  trans¬ 
verse  remarriage.  This  case  of  wrought  iron,  then,  rather  sup¬ 
ports  than  opposes  this  idea  of  the  necessarily  embrittling  effect 
of  graphite. 

Admitting,  then,  that  graphite  should  lessen  ductility,  and 
provisionally  and  for  the  sake  of  simplicity  that  this  lessening 
should  be  proportional  to  the  percentage  of  graphite  (it  is  of 
course  also  dependent  upon  its  distribution),  the  ductility  line 
for  the  cast  iron  should  throughout  lie  beneath  that  of  the  matrix, 
with  repilar  percentage  decrease  of  the  gap  from  left  to  right. 

(2)  Quantitatively.  Unfortunatelv  there  is  little  published 
data  as  to  the  ductility  *f  cast  iron.  To  fix  our  ideas  let  us 
assume  that  the  most  ductile  of  our  present  series,  i.e..  the  left- 
hand  end  of  the  diagram,  has  an  elongation  of  2.5  per  cent,  as 
against  40  per  cent  for  pure  ferrite:  then  plotting  on  the  regularly- 
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decreasing-gap  plan,  vve  have  the  ductility  curve  RS  for  the  series 
of  cast  irons  given  in  Fig.  2. 

The  assumption  of  2.5  per  cent  as  the  elongation  of  the  left- 
hand  member  of  our  series,  the  cast  iron  with  4  per  cent  graphite 
and  combined  carbon  zero,  is  simply  the  best  guess  which  I  can 
make  from  a  general  knowledge  of  the  facts. 

Hardness.  —  Certainly  the  presence  of  graphite  should  make 
the  cast  iron  as  a  whole  softer  than  its  matrix,  so  that  the  hard¬ 
ness  line  for  the  cast  iron  should  throughout  lie  beneath  the 
hardness  line  TU  of  the  matrix.  In  default  of  actual  data  we 
may  provisionally  fix  the  left-hand  end  of  the  line  by  assuming 
the  hardness  of  ferrite  as  4.5  of  Mohr’s  scale,  and  that  of  graphite 
as  1.5,  and  further  assuming  that  the  hardness  of  our  left-hand 
cast  iron  will  be  proportional  to  its  percentage  of  ferrite  and 
graphite,  or  (96  X  4  5  +  4  X  1.5)  -r-  100  =  4.38.  This  gives  us 
point  V ;  then  plotting  the  remainder  of  the  line  on  the  regularly- 
decreasing-gap  plan  as  a  first  extremely  rough  approximation, 
we  get  the  hardness  curve  for  the  series  of  cast  irons,  I  L  ,  plotted 
in  Fig.  2.  That  is  to  say,  at  the  right-hand  end  of  the  diagram 
where  graphite  is  zero,  the  hardness  of  the  cast  iron  as  a  whole 
should  equal  the  hardness  V  of  the  matrix  simply  because  the  cast 
iron  consists  solely  of  that  matrix  :  hence  the  hardness  of  this  right- 
hand  cast  iron  should  be  U. 

Next,  if  we  assume  that  the  softening  influence  of  the 
graphite  is  directlv  proportional  to  the  percentage  of  graphite, 
then  the  gap  between  the  lines  TU  the  assumed  hardness  of  the 
matrix,  and  VU  the  hardness  of  the  cast  iron  as  a  whole  which 
we  are  seeking,  should  decrease  regularly  as  we  pass  from  left 
to  right.  That  is  to  say,  the  gap  between  the  two  lines  should  be 
a  regularly  decreasing  percentage  of  the  ordinate  of  Ti  .  Hence, 
since  TU  has  been  assumed  to  be  straight,  VU  also  should  be 
straight. 

How  do  these  Inferred  Lines  Agree  with  the  Facts .  —The 
lines  for  the  tensile  strength,  ductility  and  hardness  of  cast  iron 
as  a  whole  which  we  have  now  drawn  in  Fig.  2  are  those  w  nc 
arc  indicated  by  our  hypothesis,  the  hypothesis  that  the  proper- 
ties  of  cast  iron  are  due  jn  very  important  part  to  its  consisting  of 
a  mechanical  mixture  or  conglomerate  of  (1 )  graphite  an  (2  a 
matrix  of  ferrite  and  cementite,  which  matrix  is  itself  in  eac 
case  some  one  member  of  the  pearlite  series.  Rather,  t  ese 
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lines  are  a  first  approximation  to  those  which  our  hypothesis 
calls  for;  a  first  approximation  only,  because  we  have  had  to 
make  many  assumptions  on  scanty  foundation  of  evidence,  and 
in  making  some  of  these  assumptions  we  have  for  simplicity 
ignored  important  considerations.  In  view  of  this,  we  cannot 
expect  a  close  agreement  between  our  lines  and  the  facts;  all 
that  our  hypothesis  demands  at  present  is  that  there  shall  be  no 
glaring  disagreement  between  these  lines  and  our  observed  facts. 

To  bring  together  the  existing  data  so  as  to  test  these  lines, 
these  inferences  from  our  hypothesis,  would  in  itself  be  an 
extremely  serious  task ;  and  even  if  all  available  data  were 
assembled,  they  would  probably  be  found  extremely  defective, 
so  that  further  great  labor  would  be  needed  to  supply  the  defects. 

But  we  may  here  in  a  general  way  ask  how  these  lines  agree 
with  our  general  knowledge  of  the  properties  of  cast  iron  as  in¬ 
fluenced  by  its  percentage  of  combined  and  of  graphitic  carbon. 

This  question  each  reader  must  answer  for  himself.  To  the 
writer  this  agreement  seems  as  good  as  is  to  be  expected  in 
view  of  the  conditions.  It  is  not  to  be  pretended  that  there  is 
such  an  agreement  as  in  and  by  itself  constitutes  a  firm  or  even 
an  important  support  for  the  hypothesis;  all  that  is  claimed  is 
that  there  is  no  marked  disagreement  between  these  lines  and 
our  general  knowledge,  no  disagreement  too  great  to  be  referred 
reasonably  to  the  other  important  variables,  such  as  the  influ¬ 
ence  of  phosphorus,  sulphur,  silicon,  etc.,  the  rate  of  cooling, 
and  the  considerations  which  in  this  paper  have  for  simplicity 
been  purposely  ignored. 

A  crude  but  easy  test  of  our  hypothesis  is  to  compare  the 
lines  in  the  diagram  with  the  tabular  wording  arranged  above 
and  below  the  diagram  itself,  showing  the  “  Name  of  matrix 
“  Name  of  the  cast  iron/’  “  Strength,’’  “  Ductility,”  Hardness.” 
etc.,  and  indicating  the  prominent  uses  of  the  various  classes  of 
cast  iron.  It  seems  to  me  that  the  grading,  properties,  and 
uses  here  summarized  are  (i)  wholly  in  harmony  with  the  teach¬ 
ing  of  our  diagram  and  hence  with  our  hypothesis,  and  (2 1  a 
fair  summarized  statement  of  our  knowledge  of  the  facts.  In 
short,  it  seems  to  me  that,  judged  by  this  comparison,  there  is 
a  fair  agreement  between  our  hypothesis  and  the  facts. 

Probable  Composition  of  the  Strongest  Cast  Iron .  —  Follow¬ 
ing  out  our  hypothesis  that  cast  irons  are  essentially  a  conglom- 
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crate  of  graphite  with  a  metallic  matrix,  let  us  next  ask  what 
composition  we  should  expect  to  give  the  greatest  tensile  strength. 

In  considering  Fig.  2,  we  supposed  that,  in  a  scries  of  cast 
irons  all  containing  4  per  cent  of  total  carbon  but  varying  in  the 
distribution  of  that  carbon,  the  strongest  ought,  on  our  hypothesis, 
to  contain  1.20  per  cent  of  combined  carbon.  Like  reasoning  ap¬ 
plied  to  any  other  series  of  given  total  carbon,  leads  to  a  like  in¬ 
ference  that  the  maximum  tensile  strength  for  that  series  should 
be  reached  with  1.20  per  cent  of  combined  carbon.  Let  two 
examples  illustrate  this : 

Let  us  try  to  draw  in  Fig.  4  a  ^ne  to  represent  the  tensile 
strength  to  be  expected  on  this  hypothesis  in  a  series  of  cast 
irons  all  containing  4.50  per  cent  of  total  carbon,  but  with  the 
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distribution  of  that  carbon  varying  from  graphite  o  combined 
carbon  4.50  to  graphite  4.50  and  combined  carbon  o. 

With  graphite  o  and  combined  carbon  4.50  per  cent  the 
tensile  strength  curve  touches  that  of  the  pearhtc  senes  at  K  by 
the  same  reasoning  which  caused  that  of  our  4  per  cent  carbon 
series  in  Fig  2  to  cut  it  at  F.  With  graphite  4.50  and  combined 
carbon  o,  the  matrix  of  our  cast  iron  as  before  should  be  pure 
ferrite  through  which  should  be  distributed  the  flakes  repre¬ 
senting  this  4  50  Per  <*nt  of  graphite.  Because  this  quantity  of 
graphfte  is  larger  than  that  corresponding  to  point  C  m  Fig.  2, 
the  tensile  strength  of  this  present  cast  iron  should  be  below  G; 
and  for  like  reason  the  whole  curve  should  be  below  GAF  of 
Fig  2  and  yet  it  should  be  of  the  family  of  GAF,  reaching  its 
maximum  point  at  1.20  of  carbon.  Without  quantitative  attempt 
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we  may  roughly  sketch  the  expected  tensile  strength  curve  as 
HJFK  in  Fig.  4. 

In  like  manner  we  may  draw  in  this  same  Fig.  4  the  tensile 
strength  curve  of  a  series  containing  2  per  cent  of  total  carbon. 
This  curve  should  be  somewhat  like  LMN  in  Fig.  4.  For  with 
graphite  o,  combined  carbon  2  per  cent,  the  line  should  cut  DEF 
at  N ;  the  left-hand  end  should  be  above  G ,  because  only  2  per 
cent  of  graphite  is  present  instead  of  the  4  per  cent  which  G  rep¬ 
resents;  let  us  set  it  as  roughly  midway  between  D  and  G,  at  L. 
Then,  adopting  the  general  family  shape  of  GAF  and  HJK,  the 
tensile  strength  curve  for  the  2  per  cent  total-carbon  series  should 
be  LMN,  as  here  drawn. 

And  so  no  matter  what  the  total  carbon,  the  tenacity  should 
fall  in  a  curve  of  this  family ;  and,  moreover,  the  less  the  total 
carbon  the  higher  should  the  tenacity  line  as  a  whole  lie.  From 
this  we  may  draw  the  follownig  corollaries : 


Corollary  I.  For  given  total  carbon  the  strongest  cast  iron 
should  be  that  with  from  1  to  1.20  per  cent  of  combined  or  cemen- 
tite  carbon,  and  the  tensile  strength  should  decrease  as  the  com¬ 
bined  carbon  departs  in  either  direction  from  this  percentage. 

Corollary  2.  For  given  combined  carbon  the  strongest  cast 
iron  should  be  that  with  the  least  graphite. 

Corollary  3.  The  strongest  cast  iron  of  all  should  be  that 
with  1  to  1.20  per  cent  of  combined  carbon  and  0.80  per  cent  of 
graphite,  if  we  arbitrarily  draw  the  line  between  steel  and  cast 
iron  at  2  per  cent  of  total  carbon.  For  on  one  hand  the  matrix 
of  such  a  cast  iron  would  have  the  composition  of  greatest 
strength,  and  on  the  other  hand,  the  quantity  of  graphite  by  which 
us  matrix  is  u  eakened  is  the  smallest  which  any  cast  iron  with 
sue  1  a  matrix  can  have  and  yet  be  a  true  cast  iron,' if  we  follow  the 
arbitrary  classification  that  any  pure  iron-carbon  compound  is 
cast  n-on  if  rt  contains  over  2  per  cent  of  total  carbon.  I  pur- 

betw^n^  ironycar^>on  compound,”  because  the  boundary 

between  steel  and  cast  iron  may  be  shifted  greatly  by  the  presence 
of  elements  other  than  carbon.  5  presence 


sort  T"f  !rl  PerhapS  hardl-v  necessarv  to  go  through  the 

follow  dir^ctlv  Cem0nrr  here  The  result  should 

should  be  that  r(?m  1  lc  TPothesis.  The  strongest  cast  iron 

sponds  5  aCto^tnTol  S*  •”  h0,<1 

per  cent  of  carbon,  and  with  the  smallest 
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quantity  of  the  weakening  graphite,  which  by  difference  is  0.80 
per  cent.  That  is  to  say,  we  have  assumed  that  nothing  can 
properly  be  called  cast  iron  which  contains  less  than  2  per  cent, 
of  total  carbon ;  this  we  have  taken  as  a  matter  of  definition. 
Hence  the  cast  iron  which,  along  with  the  matrix  of  maximum 
strength,  1.20  per  cent  combined  carbon,  shall  have  the  minimum 
quantity  of  the  weakening  substance  graphite,  is  that  with  2  —  1.20 
=  0.80  per  cent  of  graphite. 

Test  of  Corollary  1.  —  Of  course  the  tensile  strength  should 
be  affected  by  other  variables  than  that  here  considered,  such  as 
the  rate  of  cooling,  the  size  of  the  particles  of  graphite,  the 
influence  of  other  elements  such  as  phosphorus  and  silicon. 
Hence  it  is  not  to  be  expected  that  any  of  these  corollaries  should 
be  complied  with  very  accurately.  But,  to  get  some  sort  of  first 
crude  test,  I  have  plotted  in  Figs.  5  *°  I3  ^ie  ^at|  which  I 
could  find  bearing  upon  corollary  1.  For  this  purpose  I  have 
taken  all  the  cases  which  I  could  find  in  which  the  tensile  strength 
of  cast  iron,  and  also  its  percentage  of  combined  and  of  graphitic 
carbon,  were  given. 

From  among  these  many  had  to  be  rejected  for  the  reason 
that  there  was  strong  doubt  whether  the  composition  given  really 
corresponded  to  the  tensile  strength.  For  instance,  in  many  cases 
the  composition  of  a  pig  iron,  or  unremelted  cast  iron  as  it  came 
from  the  blast-furnace,  was  given,  and  along  with  it  the  tensile 
strength  of  a  test  specimen  made  by  remelting  that  pig  iron.  But 
this  remelting  would  probably  change  the  composition  greatly; 
so  that  the  tensile  strength  given  would  represent  a  composition 
not  only  very  far  different  from  that  given,  but  indeterminate. 

All  such  data  had  to  be  rejected. 

I  further  rejected  all  cast  irons  which  contained  either  more 
than  1  per  cent  of  phosphorus  or  more  than  0.20  per  cent  of 
sulphur  This  I  did  because  it  seemed  to  me  that  in  all  such 
cases  the  influence  of  the  proportion  of  combined  and  graphitic 
carbon  would  be  so  greatly  masked  by  the  variation  in  these  other 
features  of  composition  that  the  data  would  probably  be  mis¬ 
leading. 

After  this  rejection,  I  divided  the  remaining  cases  according 
to  their  total  carbon,  into  eight  groups,  so  that  in  each  group, 
except  the  first,  Fig.  5.  the  total  carbon  varied  only  by  0.25  per 
cent.  Then,  regarding  the  total  carbon  of  each  group  as  nearly 
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constant,  I  proceeded  to  test  corollary'  i  by  plotting  the  data  of 
each  group  separately  in  Figs.  5  to  12,  with  the  tensile  strength 
as  ordinate  and  combined  carbon  as  abscissa.  It  corollary  1  is 
correct,  then  the  highest  spots  in  each  figure  should  be  in  the 
neighborhood  of  the  1  per  cent  or  the  1.20  per  cent  carbon  ordinate, 
and  the  spots  should  incline  downward  to  right  and  left  of  this 
ordinate. 

In  those  groups  which  have  the  largest  number  of  cases  there 
is  a  fair  degree  of  correspondence  with  this  corollary.  It  is  cer¬ 
tainly  true  that  in  these  groups,  Figs.  /  to  II  inclusive,  there 
appears  to  be  a  decided  rise  towards  a  maximum  as  the  combined 
carbon  increases  from  o  to  i  per  cent,  and  a  fall  as  the  carbon 
increases  still  farther,  though  the  number  of  cases  with  more  than 
1  per  cent  is  so  small  that  this  decrease  cannot  be  traced  with  so 
much  confidence  as  the  increase  from  o  to  i  per  cent  carbon.  For 
the  same  reason,  it  is  not  dear  whether  the  maximum  is  at  1.20 
per  cent  or  1  per  cent ;  indeed,  the  data  point  to  I  per  cent  rather 
than  to  1.20  per  cent  of  combined  carbon  as  the  maximum 
point. 

It  is  not  pretended  that  the  agreement  between  this  corollary 
and  these  data  is  so  close  as  to  support  the  hypothesis  very  power¬ 
fully.  Here,  as  in  our  other  tests,  all  that  could  be  hoped  was 
that  no  glaring  disagreement  between  facts  and  our  hypothesis 
would  be  found ;  and  it  appears  to  me  that  on  the  whole  the  agree¬ 
ment  is  much  better  than  was  to  be  expected. 

Test  of  Corollary  2.  —  The  data  plotted  in  Figs.  5  to  12  enable 
us  to  test  corollary  2  in  the  following  way: 

Let  us  confine  ourselves  to  that  part  of  each  group  in  which 
the  combined  carbon  is  below  1  per  cent,  because  this  is  the  thickly 
settled  part,  and  let  us  draw  through  the  axis  of  each  group  a 
line,  ah,  to  show  the  average  tenacity  for  each  percentage  of  com¬ 
bined  carbon.  This  line,  according  to  corollary  2,  should  be  the 
higher  the  smaller  is  the  percentage  of  graphite,  or  in  other  words, 
the  smaller  is  the  total  carbon-content.  Such  lines  have  thus  been 
drawn  with  care,  and  they  have  been  assembled  in  Fig.  14,  where 
it  will  be  seen  that  as  a  whole  they  follow  this  law,  thus  support¬ 
ing  corollary  2.  In  like  manner  a  line  has  been  drawn  along  the 
upper  boundary  of  each  of  these  groups,  and  these  lines  have  been 
assembled  in  Fig.  15,  where,  taken  as  a  whole,  thev  obev  this  law 
fairly  well,  thus  further  supporting  corollary  2. 
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Total  Carbon  a  75  to  3.00  percent. 
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In  drawing  each  line  in  each  group,  attention  was  concen- 
trated  wholly  on  this  group,  so  that  the  lines  were  drawn  without 
actual  knowledge  as  to  how  they  would  compare  when  assembled. 

In  examining  Figs.  14  and  15  one  point  should  be  borne  in 
mind.  It  is  that  the  ordinate  AB  in  each  of  them  passes  throug 
or  near  the  center  of  most  of  these  groups.  It  gives  approxi¬ 
mately  the  average  combined  carbon  of  the  whole.  On  this  ac¬ 
count  the  relative  position  of  the  several  diagonal  lines  at  this 


^  /  U  VU  J'VJ  - 

ordinate,  is  par,ic^  exactly  the 

with  one  exception  in  cacn  b 

orde‘ T^hich  *e  JuppeTl^ndary  lines  of  Fig.  13  are  not  re- 
The  axial  PP  for  the  sufficjent  reason  that  its 

produced  in  Figs  4^  .<[^5^  ^  p.g  ^  These  points  {rom 

^mtS',a,iee  higher  than  the  axial  line  of  Fig.  n,  and,  taken  by 
\'g'  ivls  rather  higher  than  the  hypothesis  calls  for,  i.e,  these 
particular  ines  taken  apart  do  not  agree  so  closely  with  the  hypoth- 
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esis  as  the  group,  taken  as  a  whole,  assembled  in  Fig.  II  does. 
The  high  tensile  strength  of  these  irons  may  be  referred  to  their 
purity  their  freedom  from  phosphorus  and  sulphur.  On  account 
of  this  great  purity  they  are  not,  taken  by  themselves,  strictly  com¬ 
parable  with  the  data  in  the  other  figures. 
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Estimate  of  the  Quantitative  Influence  of  Graphite  on  Ten¬ 
sile  Strength.  —  The  assemblage  of  lines  in  Fig.  14  enables  us  to 
make  a  rough  estimate  of  the  weakening  effect  of  graphite  on 
tensile  strength.  Comparing  any  two  of  these  lines,  at  any  given 
ordinate  the  percentage  of  combined  carbon  is  the  same  for  both 
lines  and  hence  the  constitution  of  the  matrix,  and  hence  ,n  turn 
its  properties,  are  the  same  for  both  lines.  The  only  difference  in 
composition,  then,  is  the  percentage  of  graphite;  and  therefore  we 
must  assume  that  this  difference  in  graplnte-content  is  the  caus 
of  the  vertical  distance  between  the  lines  at  such  ordmate^  In 
other  words,  the  cast  iron  of  the  lower  line  at  such  ord.natehas 
more  graphite  than  the  cast  iron  of  the  upper  line  at  that  ordinate, 
miditisalso  weaker  by  the  amount  represented  by  the  gap  be¬ 
tween  the  two  lines  there;  this  gap 

weakening  effect  of  the  difference  in  graphite-content  for 

tW°  But, 'comparing  different  ordinates  for  th-^two  1b* 
the  difference  in  graphite-content  at  any  one 

“  wl  ££■£ at  the  gap  between  any  two  lines  is  due 

to  the  difference  in 

T  et  ns  select  the  ordinate  Ad  as  gin  b  r  c  a* 

information,  because  based  on  the  greatest  number  of  c 

this  ordinate  the  vertical  distance  between  the  h  gl  e^t  ^ 

Hues  (or  rather  between  ‘^est  Ime^tl  ^  ^ 

lowest  two  lines  because  [  Taking  the  upper  line  as  represent- 
8,750  pounds  per  sTiare  '  t  ^  ^  juncti0*n  of  the  lowest  lines 
ing  total  carbon  2.87  per  ^  ^  difference  in  carbon-con- 

as  representing  carbon  3-75  1  But>  as  we  have  already 

tent  is  3.75  —  2.87  —  0.8  P  same  for  both  lines  here, 

seen,  since  the  combined  car  difference  in  graphite- 

this  difference  of  °f  til} eal  cause  of  the  difference 

content  of  0.88  per  cent.  *  ^then  the  influence  of  1  per  cent 
of  8,750  pounds  per  square  inch,  then  the  IO>000 

of  graphite  within  these  limits  is  8,750  • 

pounds  per  square  inch.  ^  resuits  of  this  investigation,  the 

Summary.  To  1  iron  actUally  vary  with  vana- 

way  in  which  the  proper  1  b  between  the  combined  and 

tions  in  the  distnbutmn  of  dre  2>  „  in  rough 

graphitic  states,  as  given  at  me 
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hannony  with  my  hypothesis.  Further,  two  corollaries  from  my 
hypothesis,  when  subjected  to  test,  agree  with  it  as  fully  as  could 
reasonably  be  expected. 

From  these  facts  I  infer  that  the  hypothesis,  because  of  its 
veridacity  and  of  this  preliminary  agreement  between  it  and  the 
facts,  is  worthy  of  further  testing. 

Addendum ,  January  27,  1903.  —  It  is  only  to-dav,  after  the 
foregoing  has  been  written  and  most  of  it  has  been  set  up,  and 
after  the  foregoing  engravings  have  been  made,  that  I  have  seen 
what  I  ought  to  have  seen  before,  and  probably  should  have  seen 
but  for  the  pressure  under  which  I  have  been  forced  to  write 
much  of  this  article  in  order  to  keep  my  promise  to  have  it  in  time 
for  the  present  volume.  That  to  which  I  refer  is  the  fact  that 
the  data  at  hand,  on  which  Figs.  5  to  15  are  based,  really  enable 
us  to  test  directly  the  forecast  as,  to  the  tensile  strength  of  the 
three  series  of  cast  irons  containing  respectively  2,  4  and 
4.50  per  cent  of  total  carbon  represented  by  line  GAF  in  Fig.  2 
and  lines  LAIN  and  HJK  in  Fig.  4.  The  4  per  cent  carbon  line 
GAF  is  susceptible  of  the  most  truth  worthy  test,  and  this  test  we 
will  consider  first.  Then  we  will  consider  tests  applied  to  this  same 
line  and  the  2  per  cent  and  4.50  per  cent  carbon  lines  jointly. 

Test  of  the  4  per  cent  Carbon  Line,  GAF,  from  Fig.  2. — 
The  left-hand  part  of  this  line,  GA,  is  reproduced  as  GA  in  Fig. 
16,  and  for  comparison  the  axial  and  upper  boundary  lines  of  the 
group  of  data  nearest  in  carbon,  with  carbon  3.75  to  4  per  cent, 
are  reproduced  from  Fig.  1 1  as  OP  and  KL  respectively.  On 
comparing  these  lines  it  appears  that,  within  the  limits  here  shown, 
the  tensile  strength  curve  GA  which  I  evolved  by  a  process  of 
reasoning  for  iron  containing  4  per  cent  of  carbon,  actually  lies  be¬ 
tween  the  upper  boundary  and  the  axis  of  the  points  representing 
the  actual  tensile  strength  of  such  iron,  and  nearly  parallel  with 
them.  In  other  words,  the  position  of  this  line  as  inferred  from 
our  hypothesis  lies  very  close  to  its  true  position  as  shown  by  this 
accumulation  of  data. 

Indeed,  it  ought  to,  as  it  does,  lie  above  the  axial  line,  because 
its  position  was  deduced  from  the  tensile  strength  of  carbon  steels, 
which  are  relatively  free  from  the  hurtful  and  probably  weaken¬ 
ing  elements,  phosphorus  and  sulphur,  while  the  axial  line  is  based 
on  the  data  of  commercial  cast  irons  which  doubtless  as  a  whole 
contained  much  more  of  these  hurtful  elements 
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This  idea  is  supported  by  comparing  the  Johnson  data  for 
pure  cast  iron,  nearly  free  from  phosphorus  and  sulphur  and  con¬ 
taining  between  3.75  and  4 -per  cent  of  carbon.  To  do  this  I 
have  reproduced  the  axial  line  from  hi g.  13  as  ^ie  ^ne  QR  *n 
Fig.  16.  It  ought  to  be  closely  comparable  with  line  GA  as  de¬ 
duced  from  my  hypothesis ;  and  actually  it  coincides  with  it  almost 
exactly.  Here  then  my  hypothesis  receives  welcome  support. 

The  tests  which  have  just  been  described  compare  the  ten¬ 
sile  strengh  line  GAF  of  Fig.  2  with  the  lines  representing  the 
actual  strength  of  cast  irons  containing  from  3.75  to  4  per  cent 
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of  carbon  from  Figs,  u  and  13.  Not  content  with  th.s  com¬ 
parison,  because  it  is  based  on  a  single  group  of  points,  that  is 
to  sav  those  within  these  carbon  limits,  I  wished  to  compare  the 
position  of  GAF  with  the  whole  of  my  data  in  the  following  way. 
I  proceeded  to  calculate  at  what  point  the  axial  line  for  4  per 
cent  of  carbon,  and  the  upper  boundary  line  for  4  per  cent  of 
carbon,  should  cut  the  ordinate  BB  (given  in  Figs.  14  and  15  as 
AB )  and  to  sec  how  these  points  were  related  to  that  at  which 
GAF  cuts  that  ordinate.  In  making  this  calculation  I  took  into 
account  the  vertical  distance,  measured  at  ordinate  BB.  between 
the  line  for  3.75  to  4  per  cent  of  carbon  and  each  of  the  other 
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lines  (except  that  for  3.50  to  375  per  cent  of  carbon)  in  Fi^s.  14 
and  15  respectively.  Calculated  thus,  the  upper  boundary  line 
should  cut  BB  at  S;  and  this  is  actually  where  GAF  cuts  it  :  and 
the  axial  line  should  cut  it  at  T.  In  other  words,  at  this  ordi¬ 
nate,  which  represents  the  thickest  dotted  part  of  the  field,  and 


Fio  18.  Upper  boundary  lines  from  Fvg  «S- 
17  and  18  Comparison  of  lines  GAP,  LMN  and  HJK.  deduced  from  my  hypothec, 
with  the  Unas  from  Pigs  14  and  15,  based  directly  on  experimental  data 
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is  therefore  the  most  trustworthy,  the  calculated  strength  of  cast 
iron  derived  from  my  hypothesis  is  practically  exactly  the  same 
as  that  indicated  as  the  upper  boundary  by  these  accumulated 
data. 

Test  of  the  2  per  cent,  4  per  cent  and  4.50  per  cent  Car¬ 
bon  Lines  LMN ,  GAF,  and  HJK  from  Figs.  2  and  4.  I  next 
proceeded  to  compare  these  three  lines  with  those  of  Figs.  14  and 
15  by  plotting  both  sets  directly  from  these  different  figures  in 
Figs.  17  and  18.  The  parts  here  plotted  of  GA,  LM  and  HJ  of 
lines  GAF,  LMN  and  HJK  may  recognized  through  bearing 


here  the  same  letters  as  in  Figs.  2  and  4. 

Comparing  the  position  of  lines  GA  and  HJ,  for  4  per  cent 
and  4.50  per  cent  of  carbon  respectively,  with  the  lines  from  Figs. 
14  and  15,  we  see  that  each  of  the  former  lies  rather  higher  than 
it  should  when  compared  with  the  axial  lines,  and  rather  lower 
than  it  should  wrhen  compared  with  the  upper  boundary  lines,  n 
other  words,  the  lines  deduced  from  our  hypothesis  here  too  are 
intermediate  between  the  position  which  our  data  accor  to  tie 
axial  and  that  which  they  accord  to  the  upper  boundary  line ;  so 
that  the  position  of  GA  and  HJ  compare  with  the  direct  data 
much  in  the  same  way  that  line  GA  does  when  compared  with 
the  lines  from  Fig.  n  alone.  This  intermediate  position  is  where 
we  should  expect  to  find  them.  In  short,  tested  thus,  these  two 
tenacity  lines  as  derived  from  our  hypothesis  agree  reasonab 
,  with  those  based  on  direct  data.  But  while  they  are  roughly 
parallel,  the  former  lines  are  somewhat  steeper  lan  ’ 

indicating  that  some  additional  correction  must  be 
our  hypothesis  to  square  its  deductions  accurately  with  the  facts 
Ttea  per  cent  carbon  line  LM,  however,  is  considerably 
higher  than  and  much  deeper  than  the  data  in  Figs.  14  and  15 
.  .1  111^  This  too  indicates  the  need  of  some 

*'»*  « ■  *»“  in  mind  (.)  M  lino 

LAf.V^arnot  drawn  with  any  attempt  at  accuracy,  but  only  to 
*  1  ciianp  that  it  is  so  far  in  composition  from 

show  .ts  general ntufwrefV  calculated  line  GAF  that  it  cannot 

be  expectedto  be  accurately  placed,  and  (3)  that  our  data  plotted 
•  r  Pr  ,1  and  it  differ  widely  from  it  in  carbon-content.  These 
rgalmhdsh  tl,e  weight  which  should  be  attached  to  the  dis¬ 
crepancy  between  the  sketched  position  of  LMN  and  the  data  of 

Figs.  14  and  x5- 
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DILATATION  OF  STEELS  AT  HIGH  TEMPERATURES* 

By  GEORGES  CHARPY  and  LOUIS  GRERET 

A  A  7E  have  undertaken  a  series  of  measures  of  dilatations  on 
*  V  quite  a  large  number  of  samples,  including  carbon  steels 
and  steels  with  different  proportions  of  nickel.  We  have  em¬ 
ployed  the  dilatometric  method  of  MM.  Le  Chatelier  and  Coupeau, 
which  is  an  application  of  the  method  of  Poggendorf,  by  means 
of  a  mirror  of  melted  silica  for  comparing  the  dilatations  of  a 
sample  of  steel  and  of  a  porcelain  support,  introducing  some 
modifications  calculated,  as  we  think,  to  increase  the  accuracy 
of  results. 

The  apparatus  for  heating  is  a  tube  of  refractory  clay  sur¬ 
rounded  by  a  platinum  coil,  into  which  an  electric  current  passes. 
This  tube  is  wrapped  in  asbestos,  varying  in  thickness  at  different 
points,  in  order  to  cause  an  even  temperature,  and  to  counteract 
the  cooling  influence  of  the  extremities.  We  have  ascertained 
in  this  way  that  three  pyrometers,  placed  in  the  middle  and  at 
the  two  extremities  of  the  sample  of  steel,  which  was  0.06  meter 
in  length,  agreed  within  five  or  six  degrees.  The  porcelain  sup¬ 
port  does  not  rest  on  the  heated  tube;  it  passes  through  the 
furnace  from  one  side  to  the  other  and  rests  on  two  outside  props. 

The  support  and  the  piece  of  steel  may  also  be  placed  sym¬ 
metrically  with  reference  to  the  axis  of  the  furnace,  and  at  an 
equal  distance  from  the  walls;  this  is  necessary  for  maintaining 
an  even  temperature.  It  was  found  that  the  porcelain  support 
was  not  bent  during  heating,  by  substituting  a  piece  of  porcelain 
for  the  steel.  The  dilatation  of  the  support  was  determined  with 
reference  to  that  of  quartz  parallel  to  the  axis  and  found  equal 
to  4  X  io  6,  supposing  for  the  quartz  an  average  dilatation  of 
0.70  per  cent  between  150  and  570°  C.  Finally,  we  were  obliged 
to  place  the  pyrometer,  not  by  the  side  of  the  steel  sample,  but 
in  a  cavity  drilled  in  the  steels. 

W  e  shall  here  consider  only  results  concerning  annealed 
steels  in  the  intervals  of  temperature  in  which  they  do  not  undergo 
any  transformation,  intending  to  take  up  hereafter  the  study  of 
the  transformation  periods  and  of  cold  worked  or  hardened  steels. 

*  Comptcs  Rendus  Academic  dcs  Sciences,  March  3,  1902. 
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The  figures  in  the  following  table  give  result  furnished  by 
experiment,  without  correction,  for  a  certain  number  of  carbon 
steels. 


Composition 


Mean  Coefficients  of  Dilatation 


C.  Mn.  Si.  Ph.  S. 


1 5°  to 
200°  C. 


<«5  0.04  0.05  0.010  0.010  1 1.5 
a 64  0.12  0.14  0.009  0.010  1 2. 1 

093  0.10  0.05  0.005  0010  116 

123  0.10  0.08  0.005  0-009  11 -9 

1.50  0.04  0.09  0.010  0.010  1 1.5 

3.50  0.03  0.07  0.005  0.010  1 1.2 


200°  tO 

500*  to 

500*  C. 

650*  C. 

I4.3XIO-6 

17.0x10-6 

24.5x10-6  between  880  and  950*0 

I4.5 

17-5 

23-3 

between  800  and  950*0 

1 4.1 

16.5 

23-3 

between  720  and  950*0 

14-9 

16.0 

2.75 

—  —  ~ 

14-3 

16.5 

33-8 

—  — 

I4.9 

16.5 

36-7 

— 

14.2 

18.0 

33-3 

— 

It  will  be  seen  that  the  coefficients  of  dilatation,  which  increase 
with  the  rising  of  the  temperature,  remain  almost  equal  for  the 
different  percentages  in  carbon  up  to  650°  C.  This  result  agrees 
with  those  obtained  bv  Mr.  H.  Le  Chatelier.  The  fact  that  nearly 
pure  iron  is  dilated  in  the  same  way  as  a  white  casting  containing 
3.50  per  cent  of  carbon,  or  nearly  50  per  cent  of  iron  carbide  Fe,C 
(cementite),  seems  to  indicate  that  iron  and  iron  carbide  have 
essentially  the  same  coefficient  of  dilatation. 

Above  the  transformation  zone  coefficients  of  dilatation  al¬ 
most  equal  for  steels  containing  less  than  0.85  of  carbon  are 
found;  above  this  percentage  the  coefficients  are  much  higher, 
but  it  is  possible  that  the  conversions  do  not  terminate  completely 
until  a  much  higher  temperature  than  7°°  C.  is  reac  le  ,  an 
consequently  influence  these  numerical  values. 


Composition  Coefficients,  averages  of  dilatation  between: 


of  Steels. 

1 5*  J 

Ni. 

C. 

Mn. 

ioo* 

26.9 

o-35 

0.30 

1  I. ox 

28.9 

o-35 

0.36 

1 0.0 

30.1 

o-35 

0.34 

9-5 

34-7 

0.36 

0.36 

2.0 

36.1 

0-39 

0-39 

i-5 

32.8 

0.29 

0.66 

8.0 

35-8 

0.31 

0.69 

2-5 

37-4 

0.30 

0.69 

2-5 

25.4 

l.Ot 

0.79 

12.5 

294 

0.99 

0.89 

1 1.0 

34-5 

0.97 

0.84 

3-o 

ioo*  and 

200*  and 

200*  C. 

400*  C. 

1 8.0x10-6 

18.7x10-6 

21.5 

19.0 

140 

19-5 

2-5 

1 1  *75 

»-5 

11.75 

14.0 

18.0 

2-5 

12.5 

i-5 

8.5 

18.5 

*9-75 

12.5 

19.0 

3-5 

130 

400*  and 

6oo*  and 

6oo*  C. 

900*  C. 

22.0x10-6 

23.0x10-6 

20.0 

22.7 

19.0 

2i-3 

19.5 

20.7 

17.0 

20.3 

21*5 

22.3 

18.75 

19.8 

*9-75 

18.3 

21.0 

35-o 

20.5 

3i-7 

18.75 

26.7 
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In  regard  to  nickel  steels,  we  shall  mention  only  results 
obtained  for  a  certain  number,  whose  point  of  conversion  is  lower 
than  the  temperature,  and  consequently  do  not  undergo  conversion 
in  the  course  of  the  experiment  (reversible  steels  of  Mr. 
Guillaume). 

In  this  table  the  dilatations  at  low  temperatures  are  seen  to 
present  the  peculiar  variations  with  the  percentage  in  nickel 
pointed  out  and  studied  by  Mr.  Guillaume;  but  the  coefficients 
of  dilatation  increase  rapidly  with  the  temperature  so  as  to  con¬ 
ceal  these  variations,  in  such  a  way  that  steels  whose  dilatations 
at  ioo°  C.  vary  in  the  ratio  of  i  to  io  have  very  similar  dilata¬ 
tions  at  500  °  C.  and  above. 


TRANSFORMATION  OF  STEEL  BY  THE 
DILATOMETRIC  METHOD  * 

By  GEORGES  CHARPY  and  LOUIS  GRENET 


HE  transformations  which  iron  alloys  undergo  at  a  high 


X  temperature  have  been  studied  especially  by  the  pyrometric 
method  introduced  by  Mr.  Osmond  and  modified  by  Mr.  Roberts- 
Austen.  This  method  consists  in  observing  the  evolution  or  ab¬ 
sorptions  of  heat  during  the  heating  or  cooling  of  a  piece  of  metal. 
The  study  of  dilatations  enables  us  to  observe  the  transformation  of 
the  metal  more  closely,  to  proceed  with  as  low  a  velocity  as 
desired,  even  at  a  stationary  temperature,  and  finally  furnishes 
quantitative  indications,  while  those  of  the  pyrometric  method 
arc  rather  qualitative. 


Ihe  results  obtained  by  the  treatment  of  steel  containing 
different  percentages  of  carbon  and  only  traces  of  other  bodies, 
agree  qualitatively,  whether  we  operate  by  heating  or  cooling, 
and  with  different  rates  of  speed.  The  phenomena  of  retardation, 
which  assume  considerable  importance  in  steels  containing  such 
constituents  as  nickel  and  manganese,  are  not,  however,  negligible 
in  car  on  steels ,  and  in  order  to  obtain  precise  numerical  values, 
1  is  preferable  to  operate  by  heating  and  at  a  sufficiently  low 


*  Comptes  Rendus  Academic  des  Sciences,'  March  10,  1902. 
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speed,  so  that  a  diminution  in  the  speed  may  not  modify  the  tem¬ 
perature  of  conversion.  This  result  is  obtained  for  carbon-steels 
by  a  rate  of  heating  of  about  200°  C.  an  hour. 

For  all  steels  and  cast  iron  containing  only  iron  and  carbon, 
the  conversion  begins  at  about  the  same  temperature  nearlv  700°  C. 

At  temperatures  below  700  0  C.  maintained  even  for  several 
hours,  no  sign  of  conversion  is  observed. 

At  700°  C.  a  sudden  contraction  appears,  the  extent  of  which 
increases  at  first  with  the  percentage  of  carbon,  reaches  a  maxi¬ 
mum  for  steel  containing  about  0.85  of  carbon,  and  diminishes 
afterwards  when  the  percentage  of  carbon  tends  to  increase. 

The  following  table  gives  the  results  obtained  on  several 
steels : 


Temperature 

Temperature 

Critical  point 

Percentage 

at  beginning 

at  end  of 

Extent  of 

A  of  the 

of  Carbon 

of  contraction 

contraction 

contraction 

pyrometric 

Deg.  C. 

Deg.  C. 

method 

0.03 

700 

700 

hardly 

0.07 

680 

680 

noticeable 

0.15 

717 

724 

1.50 

710 

0.25 

700 

710 

4.50 

712 

c.64 

703 

715 

130 

700 

.  o-93 

708 

715 

13.0 

7i5 

*•23 

710 

713 

1 0.0 

715 

1.50 

694 

708 

1 1.0 

730 

3-5o 

695 

700 

9.0 

710 

When  the  temperature  is  gradually  raised  after  this  sudden 
contraction,  a  more  extensive  zone  of  transformation  is  observed ; 
the  dilatation  of  the  metal  recommences  with  a  much  lower  coeffi¬ 
cient  than  before  the  conversion,  a  coefficient  which  rapidly 
diminishes,  when  the  temperature  is  elevated,  becomes  null,  and 
then  negative ;  a  new  contraction  is  produced,  but  it  is  not  sudden, 
and  is  distributed  over  a  sudden  interval  of  temperature ;  then  from 
a  temperature  varying  with  the  nature  of  the  steel,  the  dilation  re¬ 
commences  with  the  coefficients  indicated. 

This  second  period  of  transformation  extends  over  an  inter¬ 
val  of  temperature  which  is  the  greater  as  the  proportion  of  carbon 
is  less ;  it  ceases  to  be  noticed  distinctly  for  steels  containing  more 
than  0.65  of  carbon ;  for  these,  only  the  sudden  contraction  at  700° 
C.  and  above  is  observed  clearly.  Only  a  slight  deviation  of  the 
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curve  of  dilatation  is  produced,  of  which  it  is  not  possible  to  fix 
the  limits  accurately. 

The  following  table  gives  the  limits  of  this  conversion  for 
several  soft  steels: 


. 

Beginning 

Temperature 

Critical  points 

Percentage 

of  the 

at  the 

End  of  the 

of  the 

of  Carbon 

second 

maximum  of 

second  period 

pyrometric 

period 

dilatation 

method 

Deg.  C. 

Deg.  C. 

A2 

A3 

0.03 

700 

860 

890 

770 

890 

0.07 

680 

803 

865 

77° 

875 

0.1  s 

724 

790 

840 

770 

840 

0.20 

715 

740 

815 

770 

825 

0.25 

710 

740 

790 

770 

805 

Thus,  by  the  dilatometric  method  two  conversions  are  ob¬ 
served  in  the  iron  carbon  alloys:  one  is  abrupt  and  is  produced 
at  700°  C.  with  contraction  of  volume  which  corresponds  with  the 
absorption  of  heat,  observed  at  the  critical  point  A  in  the  pyro- 
metric  method ;  the  second,  gradual,  appears  to  correspond  to  a 
contraction  for  the  steels  with  less  than  0.85  of  carbon,  and  to  a 
dilatation  of  steels  containing  more  than  0.85  of  carbon,  and  ending 
at  a  temperature  very  nearly  that  of  the  critical  point  A,  of  the 
pyrometric  method.  The  critical  point  A2  which  by  the  pyrometric 
method  is  observed  at  about  750°  C.  does  not  correspond  to  any 
variation  in  the  phenomena  of  dilatation. 

These  results  are  explained  satisfactorily  in  assuming  that 
the  conversions  of  the  iron-carbon  systems  in  the  neighborhood 
of  8oo°  C.  resembles  those  which  are  produced  in  the  solidification 
of  a  mixture  of  two  bodies  yielding  no  mixed  crystals.  The  con¬ 
version  at  700°  C.  would  correspond  to  the  resolution  of  the 
eutectic  mixture  (pearlite)  of  iron  (ferrite)  and  of  carbide  of  iron 
(cementite).  I  he  gradual  transformation  above  700 0  C.  would 
correspond  to  the  dissolution  of  ferrite  in  excess  (with  contrac¬ 
tion)  in  hypoeutectic  steels,  and  of  cementite  in  excess  (with 
dilatation)  in  hypereutectic  steels. 
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EUTECTIC  OR  BENMUTIC  * 

IN  your  issue  of  January  24,  Professor  Howe  discusses  the  con¬ 
venience  of  certain  new  terms  in  the  metallurgy  of  iron,  and 
I  find  myself  personally  drawn  into  the  case.  I  was  the  first,  or 
at  least  among  the  first,  to  give  the  name  of  eutectic  ( acier  cutec- 
tique )  to  the  steel  which  is  completely  transformed  at  the  lowest 
atmosphere.  As  the  word  “  eutectic  ”  signifies,  literally,  “  well 
melting,"  and  as  the  question  at  issue  is  the  designation  of  a 
process  not  accompanied  by  fusion,  I  must  confess  that  the  criti¬ 
cism  of  Professor  Howe  is,  from  a  logical  standpoint,  incontestably 
correct. 

However,  I  would  plead  extenuating  circumstances.  The 
formation  of  languages  is  not  inspired  solely  bv  logic,  but  also  by 
sentiment,  and  if  the  word  be  permissible  in  matters  scientific,  by 
poetry.  When,  in  order  to  describe  a  phenomenon  which  is  not 
fusion,  but  which  in  physics  is  comparable  to  it,  and  which  follows 
the  same  laws,  I  retain  a  term  which,  strictly  speaking,  is  not 
applicable  save  to  fusion  only,  assuredly  I  do  so  by  way  of 
metaphor.  But  has  not  this  metaphor  the  advantage  of  recalling 
a  profound  similitude  hidden  under  diverse  appearances?  The 
proceeding  is  usual,  and  it  does  not  seem  to  me  that  it  will  give 
rise  to  any  serious  difficulty.  In  all  languages,  the  number  of 
words  thus  twisted  from  their  first  accepted  meaning  is  consider¬ 
able  For  example,  we  have  borrowed  from  the  English  language 
the  word  “  Square,"  in  order  to  designate  the  public  gardens  in 
cities-  it  is  probable  that  the  first  English  square  was  actually 
square  (carre),  or  nearly  so,  but  nowadays  we  have  squares  which 
are  round  or  triangular,  and  no  one  bothers  about  this  anomaly  of 

language.  .  , 

If  however,  it  should  seem  desirable  to  create  a  new  word. 
I  would  reproach  “  bemnutic  ”  with  being  a  little  too  condensed, 
and  I  would  propose  a  slight  modification,  retaining,  however,  the 
same  derivation.  The  Latin  expression,  the  adoption  of  which  I 

*Thi71ctlcr  was  published  in  the  Engineering  and  Mining  Journal 
for  March  28.  —  For  previous  correspondence  on  this  subject  sec  The 
Melallographist  for  April,  1903.  P-  l67* 
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would  suggest,  is  “  bene  mutabilis.”  “  Bene  mutabilis  ”  has  given 
us  in  French  bienmuable  or  bcnemutablc,  according  as  the  word 
was  introduced  by  spontaneous  popular  transformation  or  bv  the 
literature  of  a  more  recent  epoch.  As  we  are  talking  of  an  inter¬ 
national  word,  it  is  the  form  bencmutable  ”  which  best  commends 
itself ;  it  has  the  defect  of  being  a  little  longer  than  "  benmutic,” 
but  it  conforms  better  to  the  style  of  the  Xeo-Latin  languages. 

As  to  the  second  question,  namely,  the  opportunity  of  bestow¬ 
ing  a  name  to  the  solid  solution  of  ferro-carbon  and  the  choice  of 
such  a  name,  I  feel  no  little  embarrassment,  since  it  is  myself  whom 
my  friend.  Professor  Howe,  with  a  graciousness  for  which  I  am 
profoundly  grateful,  proposes  to  choose  as  sponsor  for  the  term 
to  be  created.  I  am  in  entire  agreement  with  Professor  Howe  as 
to  the  utility’  of  such  a  term,  especially  from  the  standpoint  of 
instruction.  It  occurs  to  me,  however,  that  it  would  be  preferable 
to  wait  a  bit  longer,  until  our  researches  into  the  alloys  of  iron 
and  carbon  are  more  complete.  As  a  matter  of  fact,  if  one  turns 
back  to  the  masterly  discussion  of  Professor  Bakhuis  Roozeboom 
(“  Zeitschrift  fur  Physikalische  Chemie,”  XXXIV.  437;  or  “  Bul¬ 
letin  de  la  Societe  d’Encouragement  pour  lTndustrie  nationale.” 
(5)>  ^  I*  609),  there  is  still  some  hesitation  between  the  diagram  2 
and  another  diagram,  such  as  5  or  6.  If  the  diagram  2  be  correct 
(and  it  is  the  one  which  appears  to  me  the  most  probable),  the  solid 
solution  has  forthwith  its  name.  It  is  “  austenite,”  the  onlv  con¬ 
stituent  of  steel  which  represents  this  solution  intact,  without  any 
beginning  of  transformation.  It  seems  to  me,  then,  that  we  could 
adopt  it  provisionally.  There  will  always  be  time  enough  to  intro¬ 
duce  a  modification  if  the  progress  of  our  knowledge  shows  the 
necessity  of  it ;  but  if  it  should  be  confirmed  that  it  is  indeed  the 
term  austenite,  which  is  applicable  to  the  case,  then  Professor 
Howe  would  certainly  regret,  with  me,  his  suggestion  of  to-day. 


Paris,  February  24,  1903. 


F.  Osmond. 
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EUTECTIC  OR  AEOLIC  * 


CTIXG  on  Mr.  Brough’s  suggestion,  and  with  the  advice  of 


an  eminent  Greek  scholar,  I  have  decided  to  adopt  the 
word  **  aeolic  *'  to  designate  an  alloy  of  lowest  transformation-point 
as  distinguished  from  M  eutectic  ”  or  an  alloy  of  lowest  melting- 
point.  The  two  naturally  have  very  much  in  common ;  they  belong 
to  the  same  family.  The  distinction  between  the  two,  however, 
aj^/ears  to  be  extremely  important,  and  I  do  not  think  that  we 
should  lie  justified  by  any  reasons  of  expediency  in  abandoning 
Guthrie's  definition  of  eutectic.  The  essential  quality  of  an 
eutectic,  as  he ’defined  it,  was  that  it  was  the  alloy  of  lowest 
melting-point.  On  general  principles  I  do  not  think  that  we  are 
justified  in  substituting  for  this  essential  and  important  quabty 
of  lowest  melting-point,  the  other  and  certainly  important  quali¬ 
ties  of  the  eutectic.  It  is  these  latter  qualities  alone  which  the 
eutectic  has  in  common  with  the  aeolic. 

It  is  indeed  better  to  broaden  the  meaning  of  *  austenite  ” 
so  as  to  include  w  hat  was  originally  called  martensite,  and  w  hat 
I  proposed  to  call  “  osmondite/’  Indeed,  the  recommendation  of 
Messrs  Osmond  and  Sauveur,  that  this  be  done,  seems  to  me  an 
admirable  one,  and  I  have  ad^iptcd  it. 

It  is  quite  true  that  as  M.  Osmond  says  we  use  the  word 
-  square  "  in  speaking  of  public  places,  to  include  also  circular 
and  triangular  places.  To  aiyly  this,  however,  to  the  present  case 
seems  to  me  to  be  vers'  misleading-  A  fair  test  in  all  such  cases. 
I  think  is  this:  Is  the  coexistence  of  different  meanings  for  the 
sam'-  word  liable  to  cause  objectionable  confusion?  The  following 
illustration  will  make  this  clear.  We  speak  of  “bow”  in  the 
sense  of  the  front  of  a  boat,  also  as  a  salutation  as  when  I  bow  to 
a  friend  also  as  a  [/articular  form  of  knot  as  a  bow-knot,  also  as 
an  instrument  for  projecting  arrow.,  also  the  act  of  playing  with 
a  violin-bow,  etc.  Now,  these  different  senses  cause  no  confusion, 
because  thev  are  so  distinct  that  one  knows  instinctively  which 
sense  is  meant.  So  in  the  case  of  aeolic  which  I  propose :  the  fact 
that  this  word  also  has  another  established  meaning  is  unimportant. 


*  Letter  to  the  Editor  received  June  5,  1903. 
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because  that  meaning  is  not  liable  to  be  confused  with  the  one 
which  I  propose. 

Now,  applying  this  to  the  word  “  square/’  there  is  no  objec¬ 
tion  to  having  this  cover  circular  and  triangular  public  parks, 
because  it  is  unimportant  when  speaking  of  one  of  these  that  your 
hearer  should  know  whether  you  refer  to  a  true  square,  a  circular, 
or  a  triangular  park.  But  when  we  come  to  geometry  the  case  is 
wholly  different.  If  I  were  to  say  that  every  section  of  a  sphere 
is  a  square  or  that  every  section  of  a  triangular  prism  is  a  square, 
here  using  the  word  “  square  ”  in  the  sense  of  triangle  or  circle, 
I  should  not  be  understood. 

It  is  exactly  so  with  “  eutectic.”  I  say  to  my  students  —  the 
eutectic  is  the  alloy  of  lowest  melting-point.  Shortly  after  I  say 
that  the  iron-carbon  compound  of  lowest  melting-point  is  4.3  per 
cent  carbon.  Soon  after  I  say  that  eutectic  steel  contains  0.90  per 
cent  carbon.  Now,  I  happen  to  know  as  a  matter  of  fact,  that  this 
line  of  procedure  does  lead  to  confusion  in  the  mind  of  students. 
I  recognize  that  as  a  fact  proved  by  my  own  experience,  and  on 
that  account  and  very  reluctantly  I  introduce  a  new  word  “  aeolic.” 
The  truth  is  that  if  we  regard  the  whole  of  iron-carbon  compounds 
as  a  single  series,  and  that  is  the  point  of  view  important  to  urge 
upon  students,  and  if  we  desire  to  bring  this  series  into  relation 
with  other  eutectiferous  series,  it  becomes  extremely  important 
that  when  we  speak  of  the  eutectic,  we  should  be  correctly  under¬ 
stood,  and  that  the  students  should  not  be  left  in  doubt  as  to 
whether  we  refer  to  the  alloy  of  lowest  melting-point  or  to  that  of 
the  lowest  transformation-point. 

In  what  we  may  for  brevity  call  Roberts- Austen’s  diagram, 
i.e.,  the  temperature-carbon-content  diagram,  of  the  iron-carbon 
compounds,  there  are  two  distinct  sets  of  curves  of  the  same  family, 
the  freezing-point  curves  and  the  curves  of  the  transformation 
from  austenite  into  ferrite  and  cementite.  Each  of  these  sets 
is  of  the  very  first  importance,  and  it  is  also  of  the  first  importance 
to  keep  them  separate  in  the  student’s  mind. 

This,  as  a  matter  of  actual  experiment,  I  find  is  one  of  the 
difficulties:  the  central  feature  of  each  set  is  the  alloy  of  lowest 
freezing-point  or  lowest  transformation-point,  as  the  case  may  be ; 
to  use  the  same  name  “  eutectic  ”  for  both  these  is  in  the  highest 
degree  confusing. 

It  is  perfectly  true  that  the  parallelism  between  the  two  sets 
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of  curves  should  be  made  perfectly  clear,  and  impressed  on  the 
mind  as  also  of  the  very  first  importance ;  but  this  the  very  shape 
of  the  curves  itself  does,  as  well  as  all  the  phenomena  of  freezing 
and  transformation  respectively.  To  impress  this  cardinal  fact 
upon  the  mind,  we  do  not  need  to  take  the  most  objectionable  step 
of  calling  by  the  same  name,  eutectic,  these  two  things  which  we 
have  difficulty  in  keeping  separate  in  the  student’s  mind. 

In  short,  to  call  alloys  both  lowest  melting-point  and  of 
lowest  transformation-point  by  the  same  name  “  eutectic,  quite 
apart  from  the  objection  that  it  requires  complete  abandonment 
of  the  standard  definition  of  that  word,  seems  to  me  objectionable 
because,  like  using  “  square  ”  in  the  sense  of  “  circular  in  geom¬ 
etry,  it  causes  confusion ;  and  the  fact  that  such  misuse  of  square 
in  case  of  public  parks  is  harmless,  because  not  confusing,  is  wholly 
beside  the  mark. 

The  term  “  saturated  ”  has  been  suggested  for  steel  of  0.90 
per  cent  carbon.  The  objection  to  this  is  that  its  implications  are 
wholly  untrue.  Above  the  transformation  range  it  appears  to  take 
about  1.8  to  2  per  cent  of  carbon  to  saturate  iron.  Below  that 
range  it  appears  to  take  6.67  per  cent  of  carbon  to  saturate  iron  in 
the  sense  of  converting  the  whole  of  it  into  cementite,  Fe,C.  If 

«  u  _ _ tviirrVit  P9Q11V 
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we  were  to  speak  of  aeolic  steel  as  “  saturated."  we  might  easily 
be  mistaken  as  referring  to  one  of  these  two.  It  appears  to  me 
that  neiher  the  aeolic  ratio  nor  the  eutectic  ratio  can  properly  be 
spoken  of  as  a  saturation  ratio,  and  to  speak  of  either  of  them 
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new  burden.  He  is  then  abused  for  increasing  the  labor  of  his 
fellows,  but  what  they  really  ought  to  object  to  is  not  the  convey¬ 
ance  which  he  furnishes  them,  but  the  fact  that  he  is  aiding  in 
compelling  them  to  carry  that  burden.  My  man  has  a  trunk  to 
carry.  I  provide  him  with  a  truck,  and  he  may  tell  me  that  I  am 
making  him  transport  both  trunk  and  truck,  but  if  he  has  sense  he 
does  not  say  that  I  am  increasing  his  labor.  Among  unthinking 
workmen  I  may  receive  (indeed,  I  have  received)  a  great  deal  of 
remonstrance  on  account  of  the  fact  that  I  introduce  wheelbarrows, 
and  compel  the  workmen  to  use  them  in  place  of  trays.  Now,  it 
seems  to  me  that  this  wholesale  objection  to  specific  names  is  of 
exactly  the  same  order. 

It  is  certainly  desirable  that  our  specific  names  should  be 
systematic.  1  should  welcome  any  good  working  system.  None 
exists,  none  has  been  proposed.  A  system  based  strictly  on  chem¬ 
ical  composition  seems  to  me  no  more  applicable  here  than  in 
mineralogy ;  in  fact,  chemical  nomenclature  simply  swarms  with 
what  may  properly  be  called  specific  names  devised  to  meet  the 
cases  in  which  the  fundamental  nomenclature,  indicating  fully  the 
composition  or  constitution,  breaks  down  through  its  cumbrous¬ 
ness.  It  is  well  that  these  specific  names  in  turn  should  be  sys¬ 
tematic  ;  i.e.,  that  there  should  be  a  system  in  the  second  degree ; 
but,  until  a  system  is  proposed,  we  must,  for  convenience  of  lan- 
guage,  devise  such  names  as  we  can,  whenever  the  occasion 
requires  it.  If  I  give  you  a  wheelbarrow,  do  not  scold  me  because 
my  gift  is  not  the  best  possible;  use  it,  and  be  thankful  until  some¬ 
one  provides  a  better.  The  burden  of  the  increasing  knowledge 
is  here  to  be  carried ;  it  is  my  business  to  force  men  to  carry  this 
load  will  they  nill  they;  devise  for  yourselves  better  wheelbarrows 
or  take  the  best  offered  you. 

If  we  look  at  any  branch  of  physical  science,  we  see  that 
wherever  an  entity  becomes  of  such  importance  that  it  must  be 
refei  red  to  often,  then  somebody  proposes  a  specific  name  unless 
a  convenient  one  already  exists.  In  most  branches  of  science  this 
has  become  so  familiar  that  no.  objection  is  raised,  but  in  the  new 
science  of  metallography  many  of  our  friends  take  a  superficial 
view  of  the  matter,  and  object  to  the  wheelbarrow  for  carrying 
the  loads  offered. 

A  wheelbarrow  should  not  be  provided  for  carrying  an  um¬ 
brella,  nor  should  specif.c  names  be  proposed  unless  they  are  to 
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accomplish  some  good.  Each  case  then  must  stand  on  its  merit. 
A  sweeping  objection  to  specific  names  as  such  seems  to  me  simply 
unthinking.  A  man  who  has  worked  much  in  a  particular  field 
may  find  it  necessary  to  use  a  specific  name  which  to  others  will 
appear  wholly  unnecessary,  for  the  simple  reason  that  they  have 
not  sweated  under  the  load  as  he  has.  Therefore,  while  judgment 
and  discretion  should  be  used  in  proposing  names,  I  would  com¬ 
mend  to  some  of  our  friends  a  considerable  degree  of  toleration, 
for  the  proposition  to  create  a  new  name  may  rest  on  good  reasons 
which  simply  have  not  been  made  clear  to  them. 

Be  it  remembered  that,  when,  as  in  the  present  state  of  our 
knowledge,  convenience  of  language  compels  us  to  assign  specific 
names  to  entities  as  to  whose  composition  and  nature  we  are  in 
doubt,  it  is  desirable  that  those  specific  names  should  not  make 
implications  as  to  composition  or  nature,  because,  if  wrong,  they 
later  mislead  and  confuse.  The  case  is  wholly  different  from 
common  chemical  nomenclature  applied  to  substances  of  known 
composition  and,  indeed,  constitution.  Because  the  case  is  in  its 
nature  like  that  of  mineralogy’  is  the  real  reason  why  metal- 
lographic  nomenclature  has  followed  mineralogical  rather  than 
chemical  procedure.  Henry  M.  Howe. 

New  York,  June  4,  1903. 


Addendum  received  June  9,  1903 

P  S  _ bv  esprit  d’cscalicr  I  have  contrived,  too  late  to  serve 

me  where  I  sorely  needed  it,  a  word  which  seems  to  meet  the 
certainly  strong  objections  restricting  the  “  eutectic  H  to  the  alloys 
of  lowest  freezing-point,  while  giving  me  all  that  I  contend  for,  viz., 
that  the  basis  of  the  definition  of  “  eutectic  ”  shall  not  be  com¬ 
pletely  changed  and  that  we  shall  be  able  to  distinguish  the  alloy 
of  lowest  transformation-point  clearly  and  easily  from  that  of 
lowest  melting-point.  Let  us  use  the  word  “  eutectoid  ”  to  denote 
alloys  of  lowest  transformation-point.  The  suffix  “  oid  ”  clearly 
indicates  that  the  eutectoid  has  the  form  or  other  important  prop¬ 
erties  of  the  eutectic ;  it  keeps  the  resemblance  of  the  eutectoid  to 
a  eutectic  before  the  mind,  while  it  allows  us  to  preserve  the  initial 
meaning  for  eutectic,  and  to  distinguish  between  these  two  really 
distinct  though  related  entities. 
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ABSTRACTS 

( From  recent  articles  on  Metallography  and  related  subjects.) 

Effect  of  Strain  on  the  Crystalline  Structure  of  Lead. 

J.  C.  W.  Humphrey.  Philosophical  Transactions,  Series  A,  Vol. 
200.  —  The  effects  of  strain  upon  the  crystalline  structure  of 
metals  and  subsequent  effects  of  annealing  at  low  temperatures 
have  already  been  studied  by  Ewing  and  Rosenhain,*  and  the 
work  described  in  this  paper  is  in  many  ways  a  continuation  of 
theirs. 

The  material  used  was  a  pure  lead,  commercially  known  as 
“  chemical  lead.”  The  first  sample  obtained  had  been  cut  from 
a  casting,  and  in  order  to  see  how  the  growth  of  the  crystals  had 
proceeded  throughout  the  casting,  the  rough  sides  were  smoothed 
with  an  ordinary  wood  plane,  and  the  whole  casting  was  sub¬ 
jected  to  a  prolonged  etching  in  dilute  nitric  acid.  The  surface  of 
each  crystal  became  covered  with  a  number  of  geometrical  pits, 
similarly  situated  over  its  area,  but  varying  in  shai>e  and  position 
from  one  crystal  to  another  (F'ig.  I,  natural  size).  The  crystals 
accordingly  showed  either  bright  or  dark,  as  the  light  striking  the 
sides  of  the  pits  was  reflected  or  not  into  the  eye.  As  the  specimen 
was  revolved  the  crystals  flashed  out  one  after  another  from  almost 
black  to  brilliant  white. 

By  properly  conducted  cooling  of  the  molten  lead,  it  was 
possible  to  obtain  some  very  large  crystals  which  could  be  separated 
from  each  other  and  which  were  used  to  study  the  effect  of  strain 
upon  the  internal  structure  of  each  grain.  These  single  crystals 
possessed  all  the  usual  plasticity  of  an  ordinary  sample  of  lead 
made  up  of  numerous  small  crystals,  and  could  be  bent  double 
without  breaking.  Specimens  were  cut  from  these  single  grains 
measuring  2  to  3  inches  long  by  l/i  inch  wide  and  %  inch  thick. 
These  specimens  were  etched  to  develop  the  geometrical  pits,  and 
after  drying  remained  bright  for  a  sufficient  length  of  time  to 
enable  observations  to  be  made  and  photographs  to  be  taken. 
When  exposed  to  the  air,  the  surfaces  gradually  tarnished.  These 

*Phil.  Trans.  A,  Vol.  193.  p.  353,  and  A,  Vol.  195,  p.  279.  Also  The 
Metallographist,  Vol.  Ill,  p.  94,  and  Vol.  V,  p.  81. 
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samples  were  strained  in  tension  in  the  small  machine  described 
by  Ewing  and  Rosenhain,  while  being  examined  under  the  micro¬ 
scope.  As  the  stress  was  applied  the  specimen  gradually  elon¬ 
gated,  this  elongation  being  due  to  the  numerous  small  slips  along 
the  gliding  planes  of  the  crystal.  These  small  slips  are  first  visible 
under  the  microscope  as  either  bright  or  dark  lines  upon  the  sur- 


Fig.  1 


face,  according  to  the  illumination  of  the  specimen,  just  as  Ewing 
and  Rosenhain, first  observed  them;  but  when  the  amount  of  strain 
becomes  large  the  actual  steps  formed  can  be  clearh  seen.  A  jxjmt 
of  chief  interest  in  the  experiments  was  the  relation  of  the  slip- 
lines  to  the  etched  pits  upon  the  surface,  that  is  to  say,  to  the 
crystalline  axes.  Fig.  2  is  a  photograph  taken  of  a  surface  after 
straining  in  tension.  The  etched  pits  had  been  very  slowly  pro- 
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duccd  and  arc  of  large  size;  they  are  not  quite  contiguous,  but 
portions  of  the  original  surface  remain  between  them.  It  will  be 
seen  that  the  slip-lines  on  one  face  of  a  pit  are  parallel  to  one  edge 
of  that  face.  Again,  the  illumination  is  such  that  a  partially  formed 
hexagonal  face  shows  bright,  and  it  will  be  seen  that  slip  has 
occurred  along  planes  parallel  to  this  face,  so  that  he  small  steps 
also  appear  bright.  From  these  and  other  observations  it  may 
be  concluded  that  lead  tends  to  slip  along  planes  perpendicular 
to  the  octahedral  axes  of  the  crystals,  and  there  would,  therefore, 
be  at  least  four  possible  directions  in  which  slip  could  occur.  Four 
systems  of  slip-lines  have  already  been  noted  in  strained  lead  by 
Ewing  and  Rosenhain. 


Fig.  2 

In  these  experiments  indications  were  obtained  of  the  produc¬ 
tion  of  small  crystals  by  strain,  and  in  order  to  investigate  the 
phenomenon  further,  a  specimen  was  carefully  cut  with  a  sharp 
knife  from  the  centre  of  a  single  crystal  in  such  a  manner  that  as 
little  strain  as  j>ossible  was  given.  After  etching  it  was  found 
that  the  orientation  was  uniform  all  through.  It  was  now  bent 
nearly  double  between  the  fingers,  straightened  again,  and 
reetched,  (ireat  changes  were  now  visible  over  the  strained  area, 
the  orientation  no  longer  being  uniform,  but  broken  up  into 
numerous  small  areas,  each  with  a  different  orientation.  The 
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greatest  change  had  occurred  on  what  had  been  the  concave  side 
when  the  specimen  was  bent,  that  is  to  say,  where  the  metal  had 
been  subjected  to  compression.  This  distortion  apparently  resulted 
in  the  formation  of  twin  crystals,  as  indicated  by  numerous  straight 
boundaries  between  them. 


Fig.  3 


Ewing  and  Rosenhain  have  already  drawn  attention  to  the 
progressive  growth  of  crystals  which  occurs  aura  s|  c 
lead  or  other  metal  has  been  severely  strained,  especially  when  the 
specimen  is  moderately  warmed.  Similar  experimen  s  "<■ 
conducted  by  the  author.  A  spec, men  which  had  been  strained 
by  bending  was  cooked  for  some  hours  at  a  temperature  of  about 
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ioo°  C,  and  then  reetched.  After  this  treatment  the  area  crystal¬ 
lised  was  far  greater  than  before.  That  such  a  growth  of  new 
orientations  was  in  some  way  due  to  the  straining  of  the  speci¬ 
men  was  clearly  proved  by  roasting  an  unstrained  specimen.  In 
this  no  change  was  produced,  but  after  straining  and  again  cooking 
the  specimen  was  found  upon  reetching  to  have  to  a  great  extent 
recrystallised.  It  was  also  found  that  it  was  not  necessary  for  the 
specimen  to  show  any  signs  of  recrystallisation  before  annealing, 
but  that  so  long  as  a  certain  amount  of  strain  had  been  given, 
whether  upon  reetching  after  this  strain  the  orientation  showed 
any  signs  of  alteration  or  not,  yet  after  cooking  at  ioo  C.  the  re¬ 
crystallisation  either  continued  or  was  started.  Specimens  were 
strained  both  by  bending  and  tension,  and  in  both  cases  a  further 
recrystallisation  occurred  after  heating.  When  a  specimen  has 
been  strained  in  tension,  only  a  small  area  near  the  fracture  shows 
any  signs  of  alteration  when  reetched,  but  it  was  found  that  if 
such  a  strained  specimen  was  afterwards  heated,  the  whole  orien¬ 
tation  could  be  changed.  In  studying  this  effect  it  was  indeed 
found  to  be  far  more  convenient  to  strain  the  specimens  in  tension, 
as  the  amount  of  strain  to  which  they  were  subjected  could  be  more 
easily  regulated. 

Fig.  3  shows  a  specimen  after  straining  in  tension  and 
reetching,  magnified  to  five  diameters.  The  two  lines  seen  run¬ 
ning  across  had  been  scratched  with  a  sharp  steel  point,  and  were 
originally  i  centim.  apart,  the  straining  being  carried  on  until 
they  were  1.5  centim.  apart;  the  other  marks  were  for  the  sake  of 
identification.  The  only  change  visible  before  annealing  was  a 
small  amount  of  recrystallisation  along  the  scratches,  where  the 
material  was,  of  course,  subjected  to  fairly  severe  local  strain, 
and  in  two  places  between  the  lines,  where  it  will  be  seen  the  new 
orientations  appear  as  two  small  dark  patches.  Fig.  4  shows  tin 
same  specimen  at  the  same  magnification  after  cooking  for  five 
minutes  at  6o°  C.  and  reetching.  It  will  be  seen  that  great  changes 
have  taken  place ;  the  former  patches  of  new  orientation  have 
greatly  extended,  and  others  have  appeared  in  various  parts  of  the 
specimen.  The  greatest  change  is  at  the  bottom  left-hand  corner, 
where  a  large  area  has  recrystallised.  Fig.  5  shows  the  same 
specimen,  magnified  five  diameters  after  further  cooking  of  twenty 
minutes  duration  at  6o°  C.  The  recrystallisation  has  continued  un¬ 
til  practically  the  whole  of  the  original  orientation  is  altered.  The 
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scratches  have  been  almost  entirely  etched  away,  and  with  them  the 
small  local  changes  which  they  had  produced.  In  cases  such  as  this, 
where  the  material  had  been  subjected  to  a  uniform  strain  through¬ 
out,  the  patches  of  new  orientation  go  right  through  the  specimen, 
both  sides  showing  a  very  similar  pattern.  In  this  specimen  the 


Fig.  4 


icictnrl  for  the  most  part  of  a  few  large  dif- 

final  formation  coasted  for^the  ^  to  a  large 

ferently  or,<:ntc<  arC  inPorientations  in  bands  and  patches. 

CXtC  The  nextexperunent  was  to  see  whether  any  change  took  place 
•  j  crVstal  of  lead  at  atmospheric  temperatures.  A  speci 

«*». -  »«>  n**  «“  toi 


256 


The  Metallographist 


traction  had  commenced,  and  the  strain  thus  produced  was  suffi¬ 
cient  to  cause  a  certain  amount  of  recrystallisation  to  be  visible 
immediately  upon  reetching.  The  specimen  was  kept  in  a  small 
glass  jar,  and  was  simply  subjected  to  the  slightly  varying  tem¬ 
perature  of  the  room.  It  was  found  that  recrystallisation  had 


Fig-  5 

continued  until  nearly  the  whole  of  one  end  had  changed,  the  band 
widening  out  in  both  directions  so  as  to  fill  in  the  right-hand 
bottom  corner  and  extend  further  upwards. 

It  is  clear  that,  although  a  further  recrystallisation  occurs  at 
ordinary  atmospheric  temperature,  yet  it  is  much  slower  than  when 
the  temperature  is  slightly  increased,  as  had  been  the  case  in  the 
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former  series.  It  has  been  found  in  all  cases  that  the  higher  the 
temperature  at  which  the  strained  piece  is  kept  the  quicker  does 
recrystallisation  proceed.  In  some  specimens  which  had  been  only 
slightly  strained  no  visible  change  was  seen  until  a  fairly  high 
temperature  was  used.  One  specimen. was  strained  in  tension 
anil  annealed  for  twenty  hours  at  6o°  C.  without  any  visible 
change  taking  place.  When,  however,  it  was  annealed  for  two 
hours  at  ioo°  C.  recrystallisation  occurred. 

An  important  question  now  presented  itself  for  solution  by 
experiment.  Is  the  recrvstallisation  which  is  apparent  imme¬ 
diately  after  etching  in  a  severely-strained  crystal  a  direct  and 
instantaneous  effect  of  the  strain,  or  is  it  a  growth  which  occurs 
during  the  interval  of  time  that  has  elapsed  between  the  straining 
and  the  examination? 

From  experiments  carried  on  it  was  inferred  that  the  forma¬ 
tion  of  the  patches  of  new  orientation  always  takes  place  after 
the  stress  has  been  removed  and  is  not  directly  the  result  of  a 
general  revolution  of  some  of  the  crystalline  elements  in  the 
process  of  straining.  From  former  experiments  we  have  learned 
that  in  parts  of  the  crystal  where  the  strain  has  been  severe  the 
patches  of  new  orientation  appear  almost  immediately  after  t  ic 
stress  is  removed  and  gradually  extend  from  these  into  the  re 
mainder  of  the  strained  portion.  There  appears,  therefore,  to  3e 
no  broad  distinction  between  the  change  winch  is  visible  (on  re¬ 
etching)  almost  directly  after  straining  and  that  which  takes  place 
after  a  certain  lapse  of  time.  Such  differences  as  are  foutn  <  epen 
on  the  amount  of  strain  to  which  the  material  is  subjects,  an 
temperature  at  which  it  is  kept ;  severe  straining  an  a  ng  1  cm 
perature  both  tend  to  increase  the  subsequent  rate  o  ciange  o 
structure. 

This  recrvstallisation  which  has  been  shown  to  go  0,1  1 
individual  crystal  must  be  distinguished  in  one  important  par  ic 
from  that  which  was  observed  by  Ewing  and  osemain 
on  in  strained  specimens  of  lead  composed  o  numerous  4 
united  together  by  a  thin  film  of  eutectic  forme  o  P*r 
lead  united  with  the  metallic  impurities.  In  t  e  Prcstn 
•  specimens  were  composed  of  practically  pure  ea  an  .  .  . 

was  one  of  a  splitting  up  of  the  originally  uniformly  ^oriented 
crystal  into  numerous  differently  oriented  parts,  t  ic  ac  1 
ceeding  without  the  aid  of  any  eutectic.  In  or  man  e 


25» 


The  Mctallographist 


and  Rosenliain  found  that  certain  crystals  gradually  increased  in 
size  bv  swallowing  up  their  neighbors,  and  they  have  suggested 
that  this  was  due  to  a  “  solution' and  diffusion  of  the  pure  metal 
constituting  the  crystals  into  the  fusible  and  mobile  eutectic  form¬ 
ing  the  intercrystalline  cement.”  It  is  interesting  to  note  in  this 
connection  that  in  the  case  of  a  single  crystal  strained  so  as  to 
show  newly  oriented  parts,  such  parts  show  no  inclination  to  grow 
into  one  another.  When  once  the  whole  of  the  specimen  becomes 
newly  oriented,  further  cooking  produces  no  further  change.  This, 
so  far  as  it  goes,  may  be  regarded  as  in  agreement  with  the 
theory  of  diffusion  through  the  eutectic,  as  there  would  in  the 
case  of  an  originally  uniformly  oriented  crystal  be  no  eutectic  be¬ 
tween  the  newly  oriented  parts,  and  hence  no  such  growth  would 
be  possible. 

With  regard  to  the  formation  of  twin  crystals  we  may,  how¬ 
ever,  apply  a  similar  explanation  in  both  cases.  To  quote  from 
Ewing  and  Rosenhain’s  paper :  “  W  hen  a  metal  solidifies  from  the 
liquid  state  it  does  so  by  the  formation  of  skeleton  crystals  start¬ 
ing  from  a  great  number  of  centres,  and  the  arms  of  these  skele¬ 
tons  continue  to  grow  until  arrested  by  meeting  with  other 
growths.  From  these  arms  other  arms  again  shoot  out,  and  so 
on  until  the  entire  metal  is  solidified ;  but  each  crystalline  element 
as  it  settles  into  place  on  any  of  these  arms  must  assume  the 
proper  orientation  to  enable  it  to  fit  in,  and  in  the  process  of  fill- 
ing  space  by  means  of  such  a  system  of  many  meeting  and  inter¬ 
lacing  arms  the  formation  of  a  twrin  would  be  almost  impossible. 
But  when  the  metal  crystallises  after  severe  strain  it  does  so  by 
the  growth  of  skeleton  arms  that  must  often  start  from  a  cleavage 
plane  of  an  actual  solid  crystal,  and  probablv  the  new*  elements 
deposited  upon  such  a  plane  would  find  it  as  easy  to  assume  the 
twin  orientation  as  the  normal 

In  the  present  case  it  is  exceedingly  probable  that  practicallv 
all  the  patches  of  new  orientation  start  from  a  cleavage  plane,  and 
hence  the  formation  of  twin  crystals  would  be  exceedingly  com¬ 
mon,  as  in  fact  it  is. 

The  Overheating  of  Mild  Steel.  — E.  Heyn.—  Journal  Iron 
and  Steel  Institute,  1902,  II.  — The  author  describes  some  ex¬ 
tensive  experiments  conducted  to  ascertain  the  effect  of  over¬ 
heating  upon  the  properties  of  mild  steel.  — His  conclusions  are 
as  follows: 
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1.  When  low-carbon  mild  steel  is  annealed  at  temperatures 
above  iooo0  C.  there  occurs  an  increase  in  the  degree  of  brittle¬ 
ness  if  the  annealing  period  is  sufficiently  long.  This  increase 
is  more  considerable  and  manifests  itself  the  sooner  the  higher 
the  temperature  of  annealing.  By  judicious  adjustment  of  the 
annealing  temperature  and  annealing  period  it  is  possible  to  pro¬ 
duce  any  desired  degree  of  variation  in  the  brittleness  of  low-car¬ 
bon  mild  steel  within  definite  limits. 

2.  Prolonged  annealing,  say  uninterrupted  for  fourteen  days, 
at  temperatures  between  700°  and  890°,  produces  no  increase  in 
the  brittleness.  In  such  cases  where  the  brittleness  of  the  material 
in  its  initial  state  was  not  yet  at  the  lowest  degree  possible,  by 
this  treatment  the  lowest  degree  of  brittleness  will  be  attained. 

3.  Between  1  ioo°  and  900°  there  exists  a  temperature  limit, 
above  which,  if  annealing  is  carried  on  for  a  longer  period  and  at 
an  increasing  temperature,  the  degree  of  brittleness  increases. 
Below  this  limit,  however,  this  is  not  the  case. 

4.  Overheating  does  not  only  occur  at  most  extreme  white 
heat,  but  manifests  itself  already  at  considerably  lower  tempera¬ 
tures,  which  must,  however,  exceed  the  temperature  limit  referred 
to  in  (3),  the  degree  being  more  marked  the  longer  the  annealing 
period. 

5.  By  suitable  annealing,  the  brittleness  of  overheated  low- 
carbon  mild  steel  can  be  eliminated.  If  annealing  is  carried  out 
at  above  900°  C.,  a  short  period  of  about  half-an-hour  is  suffi¬ 
cient.  Longer  annealing  must  be  the  more  carefully  avoided,  the 
more  the  temperature  limit  referred  to  in  (3)  is  exceeded,  other¬ 
wise  the  signs  of  overheating  reappear.  Below  800 0  an  annealing 
of  even  five  hours  is  not  sufficient  to  eliminate  the  brittleness  in 
overheated  low-carbon  mild  steel,  but  by  annealing  of  several 
days’  duration,  at  temperatures  between  700°  and  850°,  this  ob¬ 
ject  can  be  attained. 

6.  If  low-carbon  mild  steel,  which  has  been  annealed  for  a 
longer  period  at  a  high  enough  temperature,  so  that  after  undis¬ 
turbed  cooling  it  would  show  extreme  brittleness,  is  rolled  or 
forged  during  cooling  to  bright  red-heat,  it  will  exhibit  no  brittle¬ 
ness  when  cold. 

7.  The  fracture  of  overheated  low-carbon  mild  steel  generally 
shows  a  coarse  grain,  although  this  is  not  necessarily  always 
the  case. 
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8.  The  single  crystal  grains  of  which  the  structure  of  the  iron 
is  built  up,  which  can  be  detected  under  the  microscope  by  suit¬ 
able  etching,  are  often  of  considerable  dimensions  when  in  the 
state  of  overheating.  Nevertheless  this  is  not  to  be  considered 
as  proof  positive  that  overheating  has  taken  place,  since  the 
method  of  cooling  also  exercises  a  great  influence  on  the  size  of 
the  ferrite  grains.  Rapid  cooling  from  the  temperature  causing 
overheating  produces  fine  ferrite  grains,  without  reducing  the 
brittleness  appreciably.  Moreover  it  is  possible,  by  heating  low- 
carbon  mild  steel  for  days  together  at  between  700°  and  890°  C., 
to  bring  the  material  into  such  a  condition  that  it  will  show  ex¬ 
ceedingly  coarse  ferrite  grains,  and  yet  not  exhibit  brittleness. 

On  the  Simultaneous  Presence  of  Structurally  Free  Ferrite 
and  Structurally  Free  Cementite.  —  In  connection  with  the  dis¬ 
cussion  of  this  subject  which  appeared  in  the  last  number  of  The 
Metallographist,  the  following  extracts  from  Professor  Howe’s 
new  book  on  alloys  will  be  of  interest : 

Reasons  for  the  Sphcrulitic  Structure  of  Certain  Eutectics.  — 
My  own  observations  lead  me  to  believe  that  the  banded  sheet- 
like  structure,  with  its  zebra-like  markings,  is  the  normal  struc¬ 
ture,  the  structure  with  which  the  eutectic  habitually  comes  into 
existence ;  and  that  the  sphcrulitic  structure  is  due  to  the  drawing 
together  or  coalescing  of  the  initially  distinct  particles  of  one  of 
the  two  constituents  of  the  eutectic.  Indeed,  the  separate  particles 
of  each  constituent  may  coalesce  into  larger  but  still  distinct 
masses.  Thus  I  found  that  in  an  alloy  of  97  per  cent  of  copper 
with  3  per  cent  of  silver  by  weight,  when  cooled  very  slowly,  the 
eutectic  at  the  first  sight  seemed  to  be  entirely  lacking.  There  were 
little  white  lakes  of  silver  in  the  great  ground  mass  of  copper ;  and 
towards  the  middle  of  these  lakes  were  a  very  few  small  islands 
of  copper.  This  was  exactly  what  I  had  expected. 

The  explanation  is  extremely  simple.  The  eutectic  itself 
doubtless  consisted  initially  of  sheetlets  of  argentiferous  copper 
and  other  distinct  sheetlets  of  cupriferous  silver.  But  during  the 
prolonged  stay  at  a  temperature  very  slightly  below  the  freezing- 
point,  the  copper  particles  of  the  eutectic  slowly  migrated  out¬ 
wards,  so  as  to  coalesce  with  the  continent  of  copper  surround¬ 
ing  the  pool  of  eutectic,  and  at  the  same  time  the  silver  particles 
coalesced  so  as  to  form  a  lake  instead  of  a  banded  mass.  The 
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little  islands  of  copper  remaining  were  simply  those  which  had 
not  yet  coalesced  with  the  outer  continent. 

Again,  on  heating  an  alloy  of  63  per  cent  silver  and  37  per 
cent  copper  for  seven  hours  to  a  temperature  but  slightly  below 
the  eutectic  freezing-point  I  obtained  similar  results.  This  alloy 
should  normally  consist  of  copper  as  the  excess-metal  and  the 
eutectic,  and  under  common  conditions  we  should  have  large 
islands  of  copper  in  what  we  might  call  a  marsh  of  eutectic,  but 
in  this  alloy  I  found  that  the  eutectic  marsh  in  the  neighborhood 
of  the  islands  of  copper  has  converted  itself  into  a  free  littoral 
region,  i.e.f  around  the  islands  of  copper  there  was  a  free  lit¬ 
toral  region  of  silver  containing  no  bands  of  copper,  from  which 
I  infer  that  the  bands  of  copper  initially  present  in  this  littoral 
region  had  coalesced  with  the  islands  of  copper. 

Further,  the  eutectic  proper,  while  still  distinctly  recogniz¬ 
able,  had  lost  to  a  great  degree  its  banded  structure,  and  the  sheets 
of  copper  were  in  large  part  replaced  by  minute  circular  islands 
of  copper. 

This  coalescing  and  outward  travel  is  like  that  of  the  bubbles 
floating  on  the  surface  of  water  in  a  tumbler.  The  bubbles 
initially  near  the  edge  of  the  tumbler  quickly  move  outwards  and 
attach  themselves  to  the  walls  of  the  tumbler.  Those  initially 
nearer  the  centre,  with  less  attraction  towards  the  walls,  and  with 
the  attraction  of  one  wall  partly  offset  by  that  of  the  opposite, 
move  very  slowly;  but,  given  time  enough,  all  will  reach  the  sides 

of  the  tumbler.  . 

In  quite  the  same  way,  it  seems  to  me,  we  can  explain  the 
spherulitic  structure  of  certain  eutectics.  There  has  been,  at  a 
temperature  high  enough  to  give  much  mobility,  a  sojourn  so  long 
that  the  sheets  of  one  component  have  drawn  together  into  little 

spheres,  like  so  much  oil  in  water. 

It  has  sometimes  been  said  that  in  a  eutectiferous  alloy  struc- 
turallv  free  "  particles  of  the  two  constituents  of  the  eutectic  can¬ 
not  coexist  This  is  wholly  incorrect.  It  is  true  that  there  cannot 
be  at  the  same  time  an  excess  of  both  constituents  over  the  eutectic 
ratio  If,  for  instance,  silver  is  in  excess  over  the  eutectic  ratio, 
copper  cannot  simultaneously  be  in  excess.  But  here  is  no  reason 
why  the  particles  of  the  eutectic  should  not  so  coalesce,  each  con¬ 
stituent  by  itself,  that  each  forms  masses  of  considerable  size 
which,  to  the  eve,  are  structurally  free.  Let  us  recognize  that 
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structural  freedom  may  be  an  accident;  as  in  the  case  described 
above,  the  metal  in  deficit  may  form  structurally  free  masses. 
Hence,  for  precise  thought,  it  is  much  better  to  use  the  expres¬ 
sions  “  excess  metal  ”  and  “  deficit  metal  ”  than  “  structurally  free 
metal.”  If  I  am  right  in  this,  then  the  banded  structure  of  the 
eutectic  may  be  looked  upon  simply  as  an  accident,  and  we  have 
to  fall  back  upon  its  quality  of  being  an  alloy  of  lowest  melting- 
point  and  also  that  it  is  composed  of  distinct  constituents  as  its 
two  essential  qualities.  Of  these  the  former  evidently  is  the  dis¬ 
tinguishing  quality. 

Influence  of  the  Structure  of  the  Eutectic.  —  I  have  often 
been  puzzled  by  the  very  great  degree  of  ductility  which  I  have 
given  to  certain  steels  by  extremely  slow  cooling.  Now  this 
change  in  the  structure  of  the  eutectic  is  certainly  a  possible  cause, 
and  one  which  should  be  investigated.  Steel,  as  we  shall  see, 
is  a  eutectiferous  alloy,  and  the  two  constituents  of  its  eutectic  are 
sheets  of  glass-hard  and  brittle  cementite,  FesC,  and  other  sheets 
of  soft  copper-like  ferrite  or  free  iron.  Now  it  may  be  well  that 
the  prolonged  sojourn  at  a  high  temperature  which  extreme  slow 
cooling  implies,  may  enable  the  sheets  of  cementite  to  depart  some¬ 
what  from  their  initial  sheet  form  and  to  change  towards  the 
spherical  form.  Further,  it  is  but  reasonable  to  suppose  that 
rounded  spheres  of  cementite  should  interfere  less  with  the  duc¬ 
tility  of  the  whole  mass  than  the  same  quantity  of  cementite  in  the 
form  of  sharp-edged  sheets,  and  that  even  a  fractional  change 
from  the  sheet-like  towards  the  spherical  form  should  have  an 
effect  like  in  kind,  though  less  in  degree. 

The  Effect  of  Temperature  on  the  Tensile  Strength  of  Cast 

Steel.*  —  We  present  herewith  a  diagram  plotted  from  the  results 
of  a  number  of  tests,  made  for  the  purpose  of  determining  the 
effect  of  temperature  upon  the  tensile  strength  of  cast  steel.  In¬ 
asmuch  as  during  the  past  five  years  the  use  of  cast  steel  has  be¬ 
come  general  in  locomotive  construction,  it  is  thought  that  the  re¬ 
sults  will  be  of  considerable  interest. 

The  specimens  used  in  these  tests  were  about  9  inches  long 
and  J4  of  an  iuch  in  diameter.  The  specimens  after  being  fastened 

*  From  a  thesis  on  “The  Physical  Properties  of  Cast  Steel,”  by 
Messrs.  C.  C.  Schrott  and  G.  H.  Case,  candidates  for  the  degree  of  M.  E., 
Sibley  College,  Cornell  University,  June,  1902. 
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in  the  testing-machine  were  enclosed  in  a  two-part  box.  A  ther¬ 
mometer  was  inserted  in  a  cup  in  one  side  of  the  box  for  taking 
the  temperature.  The  lower  end  of  the  specimen  was  packed 
into  the  box,  and  the  heating  substance  poured  in  from  above.  At 
first,  lard  oil  was  used  for  temperatures  up  to  6oo°,  but  this 
substance  was,  in  the  later  tests,  displaced  by  sand  previously 
heated  over  Bunsen  burners. 

In  the  diagram  the  horizontal  scale  represents  temperature  in 
degrees  Fahr.,  and  the  vertical  scale,  stress  in  pounds  per  square 
inch.  The  two  curves  represent  different  grades  of  steel,  and  it 
is  interesting  to  note  that  in  both  cases  the  general  characteristics 
are  the  same.  In  the  lower  diagram  the  tensile  strength  gradually 


decreases  until  300°  is  reached,  From  this  point  the  strength  in¬ 
creases  at  a  greater  rate  up  to  550°,  where  it  is  a  maximum. 
From  this  point  the  strength  again  decreases  as  the  temperature 
increases.  The  upper  curve  shows  a  maximum  stress  of  78,000 
lbs.  at  4750,  and  the  other  76,000  lbs.  at  550°.  Beyond  these 
two  points  the  strength  falls  off  as  the  temperature  continues  to 
rise,  and  at  points  from  700°  to  775 0  the  strength  is  much  lower 
than  at  the  atmospheric  temperature  of  70°.  It  was  also  found 
that  the  ductility  in  per  cent  varies  in  an  opposite  way  to  the 
strength.  Another  peculiarity  is  the  character  of  the  break  in  the 
test  piece.  At  the  lower  strength  the  break  is  of  an  ordinary 
nature,  being  along  a  plane  perpendicular  to  the  axis  of  the  speci¬ 
men  but  in  the  higher  part  of  the  curve  the  metal  shears  in  two 
along  a  plane  at  about  45 0  to  the  axis. 
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Etching  on  Metals  by  Means  of  Electric  Current.  A.  H. 

Sirks.  (Konink.  Akad.  Wetensch.  Amsterdam,  Versl.  II,  1902.) 
Abstracted  in  Science  Abstracts,  Jan.  26,  1903.  —  The  author  de¬ 
scribes  a  new  method  of  separating  crystals  out  of  any  cast  metals 
and  alloys,  in  order  to  ascertain  the  properties  and  composition  of 
those  substances.  A  polished  surface  of  the  material  to  be  tested 
is  etched  upon  by  using  it  as  the  anode  of  an  electric  current,  a 
piece  of  copper  being  the  kathode.  The  current  was  supplied  by 
an  accumulator  battery  of  an  e.  m.  f.  of  4  volts,  and  water  con¬ 
taining  six  drops  of  10  per  cent  sulphuric  acid  to  every  100  c.c. 
served  as  electrolyte.  The  author  summarizes  the  advantages  of 
this  method  as  follows  :  ( 1 )  Results  may  be  obtained  in  cases 
where  the  usual  polishing  and  etching  method  fails;  (2)  the  prepa¬ 
rations  obtained  will  show  much  more  detailed  drawings  and 
.stronger  relief  than  usual  etching-preparations;  (3)  polishing 
need  not  be  so  careful  with  as  the  usual  method:  (4)  crvstals  or 
crystal  fragments,  as  separated  from  different  alloys  by  this 
method,  showed  on  being  analysed  remarkable  differences  with 
respect  to  the  average  percentage  of  the  alloys. 
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A  New  Etching  Reagent  for  Polished  Steel  Sections.  —  Mr. 

F.  N.  Speller,  chemist  for  the  National  Tube  Co.,  suggests  the  fol¬ 
lowing  method  of  developing  the  structure  of  iron  and  steel  speci¬ 
mens  :  From  2  to  4  c.c.  concentrated  nitric  acid  is  slowly  run  into 
too  p.c.  C.  P.  glycerine  and  the  solution  well  mixed. 

After  polishing  and  drying  the  specimen  the  surface  is  treated 
with  a  drop  of  C.  1  .  ghcerine  which  is  gently  rubbed  on  the  steel 
wit  1  the  tip  of  the  finger.  A  drop  of  the  etching  solution  is  now 
applied  and  friction  with  the  finger  continued  until  the  surface  is 
etched  to  the  degree  required. 


L>  fastening  the  specimen  in  a  suitable  holder  the  progress  of 
t  ie  action  o  the  acid  may  be  followed  through  the  microscope 
and  the  development  of  the  structure  checked  at  the  proper  time 
by  wiping  the  glycerine  off  with  a  soft  cloth  and  applying  a  drop 
of  caustic  soda-glycerine  for  a  minute. 

Mr  Spelter  states  that  the  process  works  very  well  with 
low -carbon  steels,  the  pearlite  and  granular  structure  being 
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sharply  defined,  while  the  ferrite  remains  unstained  even  after 
24  hours’  continuous  application  of  the  etching  solution.  The 
chemical  composition  of  this  solution  is  not  positively  known,  but 
it  probably  contains  glyceric  acid. 

It  is  found  desirable  to  prepare  a  fresh  solution  every  week 
and  to  keep  in  stock  solutions  of  various  strengths.  The  nitric 
acid  used  should  not  be  fuming,  otherwise  nitroglycerine  would 
be  formed,  a  substance  which  is  very  dangerous. 

Metallography  at  the  Technical  Schools. — Mr.  Wm.  Camp¬ 
bell  has  received  the  degree  of  Ph.D.  from  Columbia  University, 
his  ntajor  subject  being  research  work  in  metallography. 

The  University  of  Michigan  and  the  Ohio  State  University 
are  now  fully  equipped  to  carry  on  metallographic  work. 

Recent  Publications.  —  Thermodynamiquc  et  Chimie,  by  P. 
Duhem ;  496  pages ;  illustrated.  Librairie  Scientifique  A.  Her¬ 
mann,  Paris. 

The  present  excursions  of  students  of  scientific  metallurgy  in 
fields  which  appear  to  be  very  foreign  to  that  art,  affords  a  striking 
instance  of  the  close  relation  between  all  physical  sciences.  Physics 
and  chemistry  are  no  longer  regarded  as  two  distinct  sciences  with 
sharply  drawn  boundary  lines  between  them :  chemical  physics  and 
physical  chemistry  are  words  of  current  use.  The  supposed  gap 
between  mechanics  on  the  one  hand  and  physics  and  chemistry  on 
the  other  has  been  filled  by  thermodynamics  which  firmly  bind 
these  sciences  together.  While  to  the  casual  observer  it  must  seem 
as  if  a  fair  knowledge  of  inorganic  chemistry  and  of  the  funda¬ 
mental  principles  of  physics  constitute  all  the  scientific  equipment 
required  to  arrive  at  an  intelligent  understanding  of  metallurgical 
phenomena,  the  advanced  student  of  metallurgy,  at  least  of  the 
metallurgy  of  iron,  has  discovered  that  it  is  not  sufficient.  When 
he  was  led  to  look  more  closely  than  had  been  done  by  his  prede¬ 
cessors,  into  the  constitution  of  steel,  he  reached  the  conclusion  that 
this  important  metal  was  in  reality  an  alloy  of  iron  and  carbon, 
and  this  discovery  increased  his  interest  in  alloys  in  general,  and 
in  the  modern  theory  of  these  substances  which  was  being  so  bril¬ 
liantly  worked  out.  Alloys,  in  turn,  were  shown  to  be,  contrary 
to  the  prevailing  belief,  actual  solutions  of  the  component  metals, 
from  which  it  followed  that  steel  also  was  a  solution  of  carbon  in 
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iron.  The  metallurgist  now  looked  into  the  nature  of  solutions, 
into  their  solubility  curves,  into  the  phase  rule  of  Gibbs,  this 
remarkable  application  of  thermodynamics  to  chemical  phenomena, 
which  in  the  hands  of  some  scientists  has  recently  proved  so  fruit¬ 
ful.  In  order  to  properly  understand  Gibbs’  propositions,  how¬ 
ever,  he  must  study  the  fundamental  principles  of  thermody¬ 
namics.  These  principles,  the  phase  rule  and  its  most  important 
applications,  the  constitution  of  saline  solutions,  of  alloys,  of 
solid  solutions,  etc.,  are  treated,  in  the  book  we  have  before  us, 
with  great  authority  and  erudition  by  Professor  P.  Duhem  of  the 
University  of  Bordeau,  the  well  known  author  of  several  im¬ 
portant  books. 


Notes  on  Metallurgical  Analysis,  by  N.  W.  Lord;  228  pages; 
illustrated.  Metallurgical  Laboratory  Ohio  State  University.  This 
is  the  second  edition,  rewritten  and  greatly  enlarged,  of  Professor 
Lord  s  well-known  book.  It  deals  in  a  concise  and  clear  manner 
with  the  determination  of  all  the  elements  likely  to  be  encountered 
in  the  ordinary  work  of  a  metallurgical  laboratory,  and  includes 
gas  analysis  and  the  testing  of  fuels.  This  book  should  be  a  valu¬ 
able  guide  not  only  to  students  but  also  to  those  engaged  in  metal¬ 
lurgical  chemistry. 


Les  Alliages  Mctalliques  (Metallic  Alloys),  by  L.  Gages;  164 
pages.  Gauthier- Villars,  Paris,  1903.  This  little  book  is  divided  into 
two  parts.  In  the  first  part  the  author  deals  with  the  metallurgy 
and  the  most  important  properties  of  alloys;  in  the  second  part 
with  the  theory  of  alloys.  Industrial  alloys  are  considered  under 
four  heads:  (1)  Ferrous  alloys,  (2)  Bronzes  and  Brasses.  (3) 
\\  hite  or  anti-friction  alloys  and  (4)  Alloys  made  up  of  precious 
metals  and  amalgams.  The  authors  study  of  the  modem  theory 
of  alloys  includes  description  of  the  solubilitv  curves  of  saline  solu¬ 
tions,  the  fusibility  curves  of  binary  alloys,  the  surfaces  of  fusi- 
1  lty  of  ternary  alloys,  the  metallography  of  alloys,  the  phase  rule 
app  le  to  alloys,  etc.  The  treatment  of  the  subject,  while  not 
exhaustive,  includes  the  most  recent  advances  made  in  our  knowl¬ 
edge  of  metallic  alloys.  This  book  should  appeal  strongly  both  to 
the  student  and  the  practical  man. 

Recherches  sur  les  Aciers  an  Nickel  a  Hates  Tears  (  Nickel 
Steel  Containing  High  Percentages  of  Nickel),  bv  M.  L.  Dumas; 
208  pages ;  illustrated.  Vve  Ch.  Dunod.  Paris,  .902.  This  pub- 
lcation  gives  us,  in  book  form,  the  very  important  contributions  of 


Metallo graphic  Notes 


267 


Mr.  Dumas  to  the  Study  of  Nickel  Steel,  published  in  the  Annales 
dcs  Mines  in  April,  May  and  June  1902.  It  is  a  treatise  on  nickel 
steel  which  should  be  studied  by  all  those  interested  in  the  proper¬ 
ties  and  applications  of  this  remarkable  alloy. 

New  Departures  in  Scientific  Research.  —  The  advances 
which  have  been  made  in  knowledge  of  the  internal  structure 
of  steel  within  the  past  few  years  by  means  of  the  microscope,  are 
patent  to  all  who  have  had  to  do  largely  with  this  complex 
material. 

The  microscopic  feature  of  the  “  new  ”  metallography,  the 
latter  “  dealing  with  the  composition,  constitution,  structure  and 
physical  properties  of  metals  and  alloys,  but  not  including  the 
art  of  metallurgy  **  —  as  defined  in  the  new  nomenclature  of 
metallography  —  may  be  said  to  have  had  its  birth  in  1864,  but 
its  progress  lagged  sadly  behind  its  contemporary  science, 
chemistry,  in  its  application  to  steel  —  although  a  number  of 
distinguished  investigators  were  quietly  at  work  upon  it  until 
1898,  when  fresh  impetus  was  given  to  the  science  in  this  country 
by  Mr.  Albert  Sauveur,  who  established  at  Boston  the  quarterly 
publication,  The  Metallo graphist,  which  he  devoted  to  the  study 
of  metals,  with  special  reference  to  their  physics  and  micro- 
structure,  their  industrial  treatment  and  applications. 

Mr.  Sauveur’s  abjlity  and  obviously  intense  interest  in  the 
subject  seem  to  have  been  potent  in  early  attracting  to  the  new 
system  a  score  of  the  foremost  scientists  of  Europe  and  America 
—  as  the  list  of  contributors  to  the  publication  attests. 

In  the  short  period  which  has  elapsed  the  new  metallography 
has  clearly  proved  its  right  not  only  to  recognition  but  also  to 
high  position.  Already  important  modifications  in  heat  treat¬ 
ment  in  the  mills  can  be  traced  partly,  if  not  largely,  to  this  in¬ 
fluence,  the  most  noticeable,  perhaps,  being  the  arrangement  put 
into  effect  in  some  of  the  rail  mills  whereby  steel  is  held  before 
the  final  pass  until  the  temperature  reaches  a  point  on  the 
descending  scale  at  which  it  will  refine  in  finishing.  There  is 
no  reason  to  doubt  that  the  new  system  will  take  position  along¬ 
side  its  sister  science,  chemistry,  and  that  each  will  supplement 
the  other  in  advancing  to  still  higher  planes  the  metallurgy  of 
steel. —  Sparks  from  the  Anvil ,  Jan.  1903,  p.  73. 
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CORRESPONDENCE 

Influence  of  the  Rate  of  Cooling  on  the  Structure  of  Steel. 

To  the  Editor  of  The  Metallographist. 

Sir: 

Your  article  in  the  April  number  of  The  Metallographist  on 
the  “  Influence  of  the  Rate  of  Cooling  upon  the  Structure  of 
Steel  throws  light  upon  a  subject  to  which  I  have  given  con¬ 
siderable  thought  without  being  able  to  draw  satisfactory  con¬ 
clusions.  Your  explanation  of  dilute  pearlite  seems  to  fit  the  case 
exactly.  We  found  also  that  the  higher  we  heated  our  medium- 
carbon  steel  the  greater  the  tensile  strength  and  the  smaller  the 
elongation.  This  was  especially  true  in  the  cases  where  we  found 
the  network  structure.  I  always  make  a  color-carbon  test  on  the 
test  pieces  to  guard  against  possible  segregation  and  find  that  the 
carbons  check  very  closely.  I  add  this  merely  as  a  suggestion 
from  my  own  experience  in  slight  reply  to  your  question  No.  3 
at  the  close  of  your  article.  The  following  table  gives  some  re¬ 
sults  of  our  physical  testing: 


Temperature 
to  which  the 
Steel  was  heated 

Elastic  Limit 
pounds 
per  square 
inch 

Tensile 
strength 
pounds  per 
square  inch 

f  Elongation 
Per  Cent 
in  2  inches 

Reduction 
of  area 

Per  Cent 

X 

36,  *10 

62,870 

39*5 

58.66 

x  +y 

54,900 

81,200 

22.3 

21.15 

x  +y  +  t 

46,740 

90,220 

20.0 

26.25 

Otis  Steel  Co.,  Arthur  W.  Taylor. 

Cleveland,  O.,  April  20,  1903. 


The  Rate  of  Cooling  and  the  Structure  of  Steel. 

lo  the  Editor  of  The  Metallographist. 

Sir: 

I  read  with  interest  in  your  issue  for  April,  1903,  the  paper 
which  you  published  jointly  with  Mr.  H.  C.  Boynton  “On  the 
Influence  of  the  Rate  of  Cooling  on  the  Structure  of  Steel.” 
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The  dark,  ill-defined  constituent,  which  you  obtained  in 
hastening  somewhat  from  noo°  C.  the  cooling  of  steel  containing 
0.52  per  cent  of  carbon,  is  undoubtedly,  as  you  rightly  infer,  the 
constituent  which  I  have  called  “  sorbite.”  This  constituent  is  pro¬ 
duced  by  regulating  the  rate  of  cooling  in  such  a  way  that  while 
most  of  the  carbon  assumes  the  FesC  condition,  it  has  not  the  time 


to  segregate  and  form  distinctly  lamellar  pearlite.  It  is  of  little 
importance,  at  least  so  far  as  the  definition  of  sorbite  is  concerned, 
that  the  cooling  be  hastened  from  a  temperature  higher  than  that 
of  the  transformations,  or  only  from  that  temperature.  The  fact 
to  which  you  call  attention,  namely  that  the  carbon  content  of 
sorbite  may  be  considerably  lower  than  the  carbon  content  of 
pearlite,  is  nevertheless  very  important.  On  the  other  hand,  some 
sorbite  may  be  produced  more  highly  carburized  than  pearlite,  and 
I  have  frequently  examined  samples  of  steel  containing  as  much  as 
1.25  per  cent  of' carbon  which  did  not  contain  any  free  cementite. 
As  to  the  condition  of  the  carbon  in  sorbite,  we  lack  conclusive  evi¬ 
dence.  It  may  be  conceived,  according  to  known  facts,  and  as 
I  just  said,  that  the  combination  of  the  carbon  with  iron  forming 
the  compound  Fe,C  is  far  advanced.  It  is  not  bv  an>  n^ns  CCI" 
tain,  however,  that  this  Fe3C  is  identical  to  cementite.  The  cool¬ 
ing  conditions  having  prevented  the  segregation  o  t  car  \ 
it  might  be  conceived,  for  instance,  that  the  independent  molecules 
of  Fe3C  did  not  reach  their  normal  condition  of  condensation  p 
polymerisation.  This  suggestion  has  been  made  by  Profes*  ' 
D.  Campbell  and  supported  by  Baron  Juptner  For  my  part  l 
think  that  this  conception  is  still  a  mere  hypothesis,  but  it  is  an 
hypothesis  which  deserves  serious  considerate  and  experimental 

‘^The  first  of  these  two  properties  _  variable  carbor .  content 
and  apparently  different  condition  of  the  carbon  - The  “"e 
of  which  cannot  be  doubted,  suffices  alone  to  "htnze  sorbhe 
and  ,0  justify,  leaving  aside  other reasons  already  given  he 
creation  of  a  name  the  usefulness  of  which  has  been  and  still  is 

qU"  San  1  admires  Sorb/s  work.  Not  only  has  he 
created  Metallography,  but  he  has  at  once  conferred  upon  it  a  per- 
rSS?  /never  would  have  attached  his  name  to  a  con- 
sthuent  which!  in  mv  mind,  would  have  been  of  little  importance. 

It  is  true  that  when  distinctions  are  established  in  a  continuous 
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series,  these  definitions  are  necessarily  somewhat  arbitrary  and  ill 
defined.  The  distance,  however,  between  fully  hardened  steel  and 
fully  annealed  steel  is  too  great  not  to  require  special  terms,  for  the 
corresponding  differences  in  structure,  even  if  their  detection 
under  the  microscope  demands  delicate  manipulations.  These 
structural  differences  correspond  to  important  differences  in  the 
mechanical  properties  of  the  metal.  Taking  into  consideration 
what  is  already  known  concerning  the  influence  of  the  rate  of 
cooling,  and  leaving  aside  hardening  proper,  it  seems  to  me  that 
it  may  be  said  that  the  investigation  of  the  exact  conditions  of  the 
genesis  of  sorbite  and  of  the  properties  which  its  presence  confers 
upon  steel  is  one  of  the  most  pressing  problems  of  metallurgy. 

To  derive  from  such  research  all  possible  information,  I  should 
like  to  call  attention  upon  the  impact  test  of  nicked  test  bars.  By 
this  method  differences  between  steels  treated  in  various  ways  are 
made  apparent  which  are  not  even  suspected  by  the  ordinary 
tension  tests.  These  tests  are  especially  useful  in  ascertaining  the 
toughness  of  the  metal,  a  property  which  is  so  closely  related  to 
the  wearing  quality  of  the  metals  employed  in  construction. 

Among  the  many  methods  which  have  been  proposed  to  con¬ 
duct  this  test,  that  of  Mr.  Fremont  appears  to  me  especially  well 
adapted  to  laboratory  experiments,  because  it  calls  for  the  use  of 
very  small  test  bars  measuring  30  X  10  X  8  millimeters,  and 
which,  therefore,  may  be  readily  prepared  and  treated  in  various 
ways.  In  the  case  of  soft  steel  these  bars  are  nicked  with  a  saw  to 
a  depth  of  1  mm.,  and  after  placing  them  upon  two  knife  edges  a 
weight  of  10  kilograms  is  allowed  to  fall  upon  the  side  of  the  bar 
opposite  to  the  marked  side,  from  a  height  of  4  meters.  The  work 
done  in  breaking  the  bar  is  recorded  by  difference  and  may  vary, 
in  the  case  of  soft  steel  and  under  the  conditions  mentioned,  from 
almost  nothing  to  30  kilogrameters  and  even  more,  while  the 
ordinary  tension  tests  would  indicate  almost  identical  properties. 
From  the  results  already  obtained,  it  is  certain  that  this  method  is 
of  very  great  usefulness  in  ascertaining  the  true  effect  of  any 
thermal  treatment. 


Paris,  April  22,  1903. 


F.  Osmond. 
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THE  IRON  AND  STEEL  METALLURGIST 
AND  METALLOGRAPHIST 

T  N  the  first  issue  of  The  Metallographist,  published  in  January, 
I  1898,  the  purpose  and  scope  of  the  new  magazine  was  set 
forth  in  an  introductory  article,  in  which  it  was  contended  that 
metallurgists,  engineers,  chemists  and  scientists  in  general  in  er- 
ested  in  the  new  and  growing  science  of  metallography  found  it 
very  difficult  to  keep  informed  as  to  its  progress  because  of  the 
necessity  of  perusing  numerous  publications  in  which  articles  on 
mctallographic  subjects  were  liable  to  appear,  and  one  of  the 
aims  of  The  Metallographist  was  to  present  to  its  readers 
every  three  months  a  clear,  exhaustive  and  comprehensive  review 
of  what  had  been  accomplished  in  metallography  during  the 

PrCV The  'favor  "with  which  the  magazine  has  been  received,  its 
steadv  growth,  the  many  words  of  encouragement  have  been  a 
source  of  much  gratification  to  the  editor.  He  has  found  in 
“  c  .  .  .  h1„  -narks  of  appreciation  conclusive  evidences 
that* hi^ef forts  were  not  sterile,  his  conduct  of  the  journal  not 
unsuccessful  The  editor  will  perhaps  be  permitted  to  reproduce 
of  the  manv  unsolicited  expressions  of  appreciation 
which  he  has  received.  Had  it  been  the  only  one,  he  would  have 
considered  it  liberal  compensation  for  his  efforts: 

„  t  rannot  tell  you  how  much  delighted  I  am  with  The  Metallogrophist. 
It  i5  a  moTprVcfom  publication.  Hardly  a  day  passes  that  I  do  not  refer 
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my  students  to  it.  I  give  more  references  to  that,  I  think,  than  to  all 
other  publications  together,  and  I  found  in  Europe  that  this  admirable 
work  of  yours  was  very  highly  appreciated.  Henry  M.  Howe/' 


On  the  part  of  the  editor  at  least  a  bond  of  close  association, 
not  to  say  friendship,  has  grown  between  himself  and  the  sub¬ 
scribers  to  the  journal.  It  is  as  if  they  had  been  working  together 
in  perfect  harmony,  for  the  last  six  years,  in  their  desire  to  pro¬ 
mote  the  advancement  and  progress  of  the  science  in  which  they 
were  interested.  It  never  seemed  to  the  editor  that  he  alone  was 
conducting  this  publication.  He  felt  in  the  preparation  of  each 
issue  the  assistance  of  his  subscribers,  and  he  cannot  allow  this 
opportunity  to  pass  without  expressing  his  warm  appreciation 
for  their  support  —  nay,  cooperation  —  without  which  the  work 
could  never  have  been  carried  on  for  so  many  years. 

But  a  few  lines  will  now  be  needed  to  explain  the  important 
change  which  has  been  decided  upon  by  the  publishers  of  the 
magazine. 


During  the  past  years  many  expressions  of  regret  have  been 
received  that  The  Metallographist  was  not  published  monthly, 
and  the  advisability  of  this  important  change  has  been  under 
careful  consideration. 

Meanwhile,  following  a  similar  line  of  thought  as  that  which 
prompted  the  foundation  of  The  Metallographist ,  it  became  strik- 
ingly  evident  to  the  publishers  that  the  metallurgists,  engineers 
and  chemists  desirous  of  keeping  informed  as  to  the  progress 
of  the  metallurgy  of  iron  and  steel  are  precisely  in  the  same 
position  as  were  those  persons  interested  in  metallography  before 
the  publication  of  The  Metallographist.  Indeed  their  difficultv 
m  obtaining  the  desired  information  is  much  greater,  because  of 
the  much  greater  breadth  of  the  subject,  and  of  the  almost 
innumerable  publications  in  various  languages  in  which  its  litera¬ 
ture  is  disseminated.  They  sought  upon  this  point  the  advice  of 
many  students  of  the  metallurgy  of  iron,  and  the  one  and  unani¬ 
mous  opinion  received  confirmed  them  in  the  belief  that  there  was 
an  urgent  need  for  a  publication  which  would  do  for  those  in¬ 
terested  in  the  iron  and  steel  industry  what  The  Metallographist 
had  done  so  successfully  for  the  students  of  metallography. 

will  k  **  Iron-at!d  Stcel  Metallurgist,  the  initial  number  of  which 
will  be  issued  the  first  of  January,  1904,  is  the  outcome  of  this 
sideration.  It  will  be  a  monthly  publication  of  approximately 
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one  hundred  pages  of  descriptive  matter  devoted  to  the  iron 
industry  in  its  various  branches,  including  blast-furnace  practice, 
foundry  work,  steel  making,  the  treatment  of  steel,  physical  and 
chemical  testing,  the  properties  of  iron  and  steel,  and  statistics. 
Moreover,  the  field  pertaining  to  metallography,  not  only  of 
iron  and  steel  but  of  other  metals  and  alloys,  will  be  covered 
thoroughly  and  exhaustively;  and,  although  The  Metallographist 
will  cease  to  exist  as  an  independent  quarterly  publication,  it  will, 
as  a  part  of  the  new  magazine,  continue  to  live,  and  by  reaching 
a  larger  field  will  promote  even  more  than  heretofore  the  progress 
of  the  science. 

Besides  a  semi-independent  metallographical  part,  The  Iron 
and  Steel  Metallurgist  will  include  the  following  sections: 
(1)  Original  articles  from  the  pen  of  our  special  contributors, 
among  whom  are  numbered  more  than  twenty  of  the  most 
eminent  metallurgists  and  engineers  of  Europe  and  America,  and 
other  authoritative  writers;  (2)  Important  articles  and  papers 
published  elsewhere  and  reproduced  in  full;  (3)  Abstracts  from 
articles  and  papers  of  less  importance ;  (4)  Metallurgical  notes 
including  short  items  of  interest,  personal  notes,  editorial  com¬ 
ments,  meetings  of  societies,  etc.;  (5)  Monthly  reports  from  iron 
and  steel  centers,  both  domestic  and  foreign ;  (6)  Correspondence ; 
(7)  Book  reviews;  and  (8)  Patent  records  and  statistics. 

The  publishers  appreciate  the  fact  that  the  value  of  this 
magazine  to  the  readers  must  depend  to  a  large  extent  upon  its 
exhaustive  character.  They  will  never  lose  sight  of  this  important 
consideration.  It  will  be  their  constant  endeavor  to  make  the 
reader  feel  that  through  the  perusal  of  The  Iron  and  Steel  Metal¬ 
lurgist  no  article  of  value  pertaining  to  th'e  metallurgy  of  iron 
and  steel,  no  happening  of  importance  in  the  iron  world  will 
escape  his  notice.  Notwithstanding  their  realization  of  the  bold¬ 
ness  of  the  undertaking,  and  of  the  magnitude  of  the  subject,  the 
publishers  feel  confident  that  they  can  conduct  the  journal 
in  a  manner  that  will  warrant  support  and  encouragement  on  the 
part  of  those  interested  in  this,  the  greatest  of  all  Industrial  Arts. 
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THE  METALLOGRAPHY  OF  NICKEL  STEEL  * 

By  LEON  GUILLET 

Introduction 

MR.  OSMOND  has  published  several  important  papers  on 
the  microstructure  of  nickel  steel,  one  of  which  appeared 
in  the  January,  1900,  issue  of  the  Annales  des  Mines .  From  his 
study  of  the  crystallography  of  iron,  Osmond  infers  that  certain 
nickel  steels  being  non-magnetic  must  contain  iron  in  the  Alpha 
state  and  nickel  in  the  Beta  state. 

He  studied  the  microstructure  of  these  steels,  and  found  it 
to  be  polyhedric.  This  is  the  only  paper,  to  my  knowledge,  which 
had  been  published  on  the  structure  of  nickel  steel  when  my  work 
was  completed.  I  have  since  learned,  through  Messrs.  Le  Chate- 
lier  and  Dumas,  that  another  article  had  been  published  upon  that 
question  by  Mr.  Osmond  in  the  proceedings  of  the  Society  of  Civil 
Engineers  of  London  in  1899.  In  this  article  Mr.  Osmond  is 
much  more  explicit,  and  divides  the  alloys  iron  and  nickel  into 
three  groups,  the  first  similar  to  ordinary  carbon  steel,  the  second 
with  a  martensite  structure,  and  the  third  with  a  polyhedric 
structure. 

I  was  led  quite  unexpectedly  to  study  this  question  in  a 
very  complete  manner.  I  received  one  day  a  sample  of  soft 
annealed  steel  containing  12  per  cent  of  nickel,  and  upon  exam¬ 
ining  it  under  the  microscope,  in  order  to  estimate  its  carbon 
content,  I  found  that  it  was  made  up  of  nearlv  pure  martensite, 
which  did  not  disappear  upon  reheating  the  steel.  Although 
ignorant  of  Mr.  Osmond’s  work,  I  concluded  that  this  phenom¬ 
enon  was  due  to  the  presence  of  nickel. 

The  Jacob-Holtzer  Steel  Works  sent  me  three  series  of 
nickel  steels  remarkably  pure.  One  contained  0.120  per  cent 
carbon,  the  second  0.250  per  cent,  and  the  third  about  0.800  per 
cent.  In  each  series  the  percentage  of  nickel  increased  gradually 
from  zero  to  30  per  cent. 

I  obtained  some  steels  manufactured  at  Imphy,  and  kindly 
placed  at  my  disposal  by  the  management  of  the  Commentrv- 


*  Bulletin  de  la  SoctttS  d’ Encouragement,  May  31,  1903. 


The  Metallography  of  Nickel  Steel 


275 


Fourchambault  Co.  I  was  thus  able  to  examine  steels  containing 
as  much  as  92  per  cent  of  nickel,  if  such  alloy  may  be  called  steel. 
For  the  sake  of  simplicity  and  clearness,  I  shall  give  my  results  in 
the  following  order: 

(1)  Microstructure  of  cast  steels. 

(2)  Microstructure  of  quenched  steels. 

(3}  Microstructure  of  re-heated  steels. 

(4)  Microstructure  of  cold  worked  steels. 

(5)  Microstructure  of  steels  cooled  below  atmospheric 

temperature. 

(6)  Cementation  and  decarburization  of  nickel  steels. 

(7)  Research  on  the  regeneration  of  quenched  steels. 

(8)  Conclusions. 

The  following  table  gives  the  composition  of  the  various 
samples  used: 


Analyses  of  the  Nickel  Steel  Samples 


Steels* 

Carbon 

Nickel 

Manganese 

Sulphur 

Silicon 

Phos¬ 

phorus 

SERIES  I.  —  0.120  CARBON 

2 

0.07 

2.23 

0.025 

0.006 

0.070 

traces 

5 

0.125 

5-23 

0.015 

0.004 

0.046 

44 

7 

0.125 

7.13 

0.020 

0.005 

0.050 

44 

10 

0.132 

IO.IO 

traces 

0.005 

0.100 

44 

12 

0.125 

12.07 

0.002 

0.090 

44 

15 

0.1 10 

I5«7 

0.004 

0.020 

44 

20 

0.176 

20.40 

0.004 

0.025 

44 

25 

0.160 

25-85 

0.007 

0.036 

44 

30 

0.120 

30.00 

traces 

0.031 

SERIES  II.  —  O.25O  CARBON 


2 

0.206 

1.97 

0.025 

traces 

0.030 

traces 

5 

0.198 

4.90 

0.025 

0.003 

0.043 

“ 

7 

0.225 

7.59 

0.050 

traces 

0.081 

'* 

10 

0.215 

9-79 

0.025 

“ 

0.015 

12 

0.223 

12.27 

0.025 

0.002 

0.014 

“ 

15 

0.225 

15.04 

traces 

0.002 

0.052 

“ 

20 

0.220 

20.01 

0.020 

0.003 

traces 

“ 

25 

0.230 

25.06 

0.020 

0.003 

0.082 

30 

0.194 

27.87 

0.025 

0.002 

0.026 
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Steels* 

Carbon 

Nickel 

Manganese 

Sulphur 

Silicon 

Phos¬ 

phorous 

SERIES 

III.  —  0.800  CARBON 

2 

0.800 

2.20 

0.107 

0.005 

0.100 

traces 

5 

0.776 

4.90 

0.092 

0.004 

0.085 

44 

7 

0.815 

7.09 

0.125 

0.C03 

0.100 

44 

10 

1.05 

9-79 

0.097 

0.004 

traces 

12 

0.760 

12.27 

0.092 

0.004 

0.086 

44 

>5 

0.796 

15.04 

0.060 

0.007 

0.091 

44 

20 

0.800 

20.01 

0.020 

0.003 

0.089 

44 

25 

0.790 

25.06 

0.070 

0.002 

traces 

44 

30 

0.810 

29.96 

0.030 

0.004 

0.139 

SERIES  IV. 


92 

0.520 

92.300 

3-730 

0.060 

0.262 

0.030 

86 

0.385 

86.120 

1.276 

0.018 

0.828 

0.016 

49 

0.173 

49.04 

0-973 

0.025 

0.105 

traces 

36 

0.183 

35.88 

0.547 

0.042 

0.070 

•  The  figures  in  this  column  indicate  approximately  the  percentage  it  nickel  in  the  steels. 


I.  Microstructure  of  Cast  Steel 

Before  taking  up  the  microstructure  it  will  be  well  to  recall 
the  results  obtained  by  Mr.  Dumas  from  his  mechanical  tests  and 
described  in  his  important  paper  on  nickel  steel. 

From  the  testing  of  samples  cut  from  forge  bars  Mr.  Dumas 
arrived  at  the  following  conclusion : 

True  nickel  steels,  that  is,  nickel  steels  containing  no  carbon, 
must  be  divided  into  fouf  classes: 

1st  group:  Steels  containing  from  o  to  15  per  cent  nickel  —  hard 
steels.  Steels  with  high  elastic  limit. 

2d  group:  Steels  containing  from  15  to  21  per  cent  nickel  —  very 
hard  steels.  Steels  with  high  elastic  limit. 

3d  group :  Steels  containing  from  21  to  27  per  cent  nickel  —  mod¬ 
erately  hard  steels.  Steels  with  high  elastic  limit. 

4th  group :  Steels  containing  over  27  per  cent  nickel.  Steels  with 
low  elastic  limit. 

Let  us  now  look  into  the  results  obtained  with  the  three 
series  of  nickel  steel  which  I  have  studied. 

First  series.  — Steels  containing  about  0.120  of  carbon.  The 
samples  containing  from  2'/2  to  7  per  cent  of  nickel  have  the  same 
structure  as  ordinary  carbon  steel.  The  pearlite,  however,  is  more 
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finely  divided  than  in  ordinary  steel  containing  the  same  per¬ 
centage  of  carbon.  It  even  appears,  although  this  cannot  be 


Fig.  1. 

Cast  steel;  0.120  per  cent  C,  2  per  cent  Ni. 
Magnified  300  diameters. 


Fig.  2. 

Cast  steel;  0.120  per  cent  C,  5  per  cent  Ni. 
Magnified  300  diameters. 


Fig-  3* 

;  steel;  0.120  per  cent  C,  7  P*r  cent  Ni. 
Magnified  300  diameters. 


Fig-  4- 

Cast  steel;  0.120  per  cent  C,  10  per  cent  Ni. 
Magnified  300  diameters. 


Magnified  300  diameters. 

positively  confirmed,  that  the  percentage  of  pearlite  increases 
with  the  nickel  contained  (see  Figs.  I,  2-  and  3). 
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In  the  steel  containing  io  per  cent  of  nickel  we  note  a  change 
of  structure.  The  martensite  structure  appears,  characterized  by 
its  three  directions.  Some  white  areas,  however,  made  up  of 
Alpha  iron,  still  remain  (see  Fig.  4). 

With  12  per  cent  of  nickel,  the  white  areas  have  almost 
entirely  disappeared,  and  the  martensite  is  now  nearly  pure 
(Fig.  5).  The  same  is  true  of  steels  containing  from  15  to  20 
per  cent  of  nickel.  Steel  containing  25  per  cent  of  nickel  con¬ 
tains  a  few  white  areas  which  are  undoubtedly  made  up  of  Gamma 
iron  (see  Fig.  6).  In  steel  containing  27  per  cent  of  nickel  the 
structure  becomes  polyhedric  (Fig.  7).  All  the  samples  were 
etched  with  picric  acid.  All  the  reagents  previously  used  for  the 
study  of  the  microstructure  of  steel  gave  results  similar  to  those 
obtained  in  the  case  of  carbon  steel,  but  picric  acid  is  the  one 
which  appears  to  give  the  best  results. 

With  steel  containing  over  27  per  cent  of  nickel  the  poly¬ 
hedric  structure  is  still  obtained,  but  as  the  percentage  of  nickel 
increases  the  crystals  become,  so  to  speak,  more  finely  divided. 

While  with  from  27  to  30  per  cent  of  nickel  the  grains  are 
readily  colored,  when  the  nickel  content  exceeds  35  per  cent  it 
is  no  longer  possible  to  color  them.  As  the  nickel  increases,  the 
time  required  for  the  etching  also  increases  very  rapidly.  With 
a  very  large  amount  of  nickel  the  etching  must  last  several  hours. 
Markings  are,  moreover,  detected  in  the  interior  of  the  grains 
which  appear  to  indicate  cleavage  planes. 

To  sum  up,  in  the  case  of  this  first  series  of  experiments, 
three  groups  are  detected: 

1st  group :  o  to  10  per  cent  nickel  —  steels  similar  to  carbon  steels. 
2d  group:  12  to  27  per  cent  nickel  —  martensite  structure. 

3d  group :  over  27  per  cent  nickel  —  polyhedric  structure. 

The  second  group,  moreover,  must  be  subdivided  as  follows : 
From  10  to  12  per  cent  nickel  —  steels  made  up  of  Alpha  iron 
and  martensite. 

From  12  to  20  per  cent  nickel  —  steels  made  up  of  nearly  pure 
martensite. 

From  20  to  27  per  cent  nickel  —  steels  made  up  of  martensite  and 
Gamma  iron. 

These  results  agree  with  the  chemical  tests,  for  it  is  known 
that  between  12  and  20  per  cent  nickel  the  greatest  hardness  is 
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obtained,  and  it  will  be  noticed  that  between  these  limits  the 
mechanical  properties  are  very  nearly  the  same. 


Fig.  8. 

Fig.  7-  Caat  steel ;  0.250  per  cent  C,  5  P«  cent  Ni. 

»t  itcel;  0.120  per  cent  C,  30  per  cent  Magnified  300  diameter*. 

„  „r  „„  „fcM  coined 

^rt'irrs— “  ■  - — 


Fig.  5. 

Ca»t  »teel ;  0.120  per  cent  C,  12  per  cent  Ni. 
Magnified  500  diameter*. 


Fig.  6. 

Cast  steel ;  0.120  per  cent  C.  25  per  cent  Ni. 
Magnified  300  diameter*. 
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that  the  first  steel  with  the  polyhedric  structure  is  not  magnetic 
at  the  ordinary  temperature. 


Fig.  9. 

Cast  steel;  0.250  per  cent  C,  7  per  cent  Ni. 
Magnified  300  diameters. 


Fig.  11. 

Cast  steel;  0.250  per  cent  C,  25  per  cent  Ni. 
Magnified  300  diameters. 


Fig.  10. 

Cast  steel;  0.250  per  cent  C,  10  per  cent  Ni. 
Magnified  500  diameters. 


Fig.  12. 

Cast  steel;  0.800  per  cent  C,  2  per  cent  Ni* 
Magnified  300  diameters 


Second  series. — Steels  containing  about  0.250  per  cent  of 
carbon.  From  o  to  7  per  cent  of  nickel,  the  structure  is  the  same 
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as  that  of  carbon  steel,  and  my  previous  remarks  concerning  the 
appearance  of  pearlite  appears  to  be  here  confirmed  (see  Fig.  8). 


Fig.  1 6. 

Fig.  1 5-  .  Ki  cast  steel ;  0.800  per  cent  C,  1 5  cent  Ni. 

t  steel  ;  0.800  per  cent  C,  12  per  cen  •  Magnified  300  diameters. 

Magnified  300.  diameter..  ^  ^  martcnsite  seems  to  be  present 

(seeFig^7).^  .0  per  cent  a  considerable  amount  of  marten- 


Fig-  »3- 

Cast  steel ;  0.800  per  cent  C,  7  per  cent  Ni. 
Magnified  300  diameters. 


Fig.  14- 

Cast  steel;  0.800  per  cent  C.  10  per  cent  Nt. 
Magnified  300  diameters. 
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site  is  present  (Fig.  io).  Between  12  and  15  per  cent  of  nickel 
martensite  is  so  abundant  and  so  finely  divided  that  it  was  not 
possible  to  obtain  a  good  photomicrograph  of  the  structure.  With 
20  per  cent  of  nickel  large  white  areas  of  Gamma  iron  are 
found. 

With  25  per  cent  of  nickel  only  polyhedric  grains  are  de¬ 
tected,  together  with  a  few  acicular  crystals  ( cristals  a  fer  de 
lance),  the  origin  of  which  will  soon  be  explained  (see  Fig.  11). 
At  about  25  per  cent  of  nickel  the  same  polyhedric  structure  exists. 
Here  again  we  have  three  groups: 

1st  group:  From  o  to  7  per  cent  nickel  —  steels  similar  to  carbon 
steels. 

2d  group:  hrom  7  to  25  per  cent  nickel  —  steels  with  martensite 
structure. 

3d  group :  Over  25  per  cent  nickel  —  steels  with  polyhedric  struc¬ 
ture. 

As  in  the  first  series,  the  second  group  must  be  subdivided 
as  follows : 

From  7  to  10  per  cent  nickel  —  steels  composed  of  Alpha  iron  and 
martensite. 

From  10  to  15  per  cent  nickel  —  steels  composed  of  pure  mar¬ 
tensite. 

From  15  to  25  per  cent  nickel  —  steels  composed  of  martensite 
and  Gamma  iron. 

Third  series.  —  Steels  containing  about  0.800  per  cent  carbon. 
From  o  to  5  per  cent  nickel,  the  same  structure  is  detected, 
as  in  the  case  of  carbon  steels  (Fig.  12). 

With  5  per  cent,  a  beginning  of  transformation  is  noted. 
With  7  per  cent,  martensite  is  obtained  as  well  as  Alpha  iron  (see 
Fig  13)-  Pure  martensite  must  occur  between  8  and  10  per  cent. 
With  10  per  cent  of  nickel,  martensite  and  Gamma  iron  occur  in 
the  structure  (see  Fig.  14). 

With  12  per  cent  the  white  areas  increase.  The  same  struc¬ 
ture  is  obtained  as  that  resulting  from  quenching  in  a  freezing 
mixture  at  10  degrees  Cent.,  steel  heated  to  1050  degrees  and 
containing  1.400  per  cent  carbon  (Fig.  15). 

With  15  per  cent  of  nickel  polyhedric  grains  are  found,  fre¬ 
quently  with  some  acicular  crystals,  as  previously  noted  (see 
Fig.  16). 

With  more  than  15  per  cent  of  nickel  the  structure  remains 
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polyhedric,  the  crystals,  moreover,  exhibiting  frequently  very* 
marked  cleavage  planes  (see  Fig.  17). 


Fig.  20. 

F‘S'  I9'  cent  NL  Hardened  steel;  0.250  per  cent  C,  15  per  cent  Ni. 

tst  steel  ;  0.520  per  cent  C,  92-3  P*  Magnified  300  diameters. 

Magnified  300  diameters. 

In  steels  very  rich  in  nickel  polyhedric  grains  are  still  found 
(see  Figs.  18  and  19)- 


Fig.  17- 

Cast  steel;  0.S00  per  cent  C,  20  per  cent  Ni. 
Magnified  300  diameters. 


Fig.  18. 

Cast  steel  ;  0.175  P«r  cent  C*  49  per  Cent  NL 
Magnified  300  diameters. 
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Conclusions 

The  following  table  sums  up  the  structural  characteristics 
of  nickel  steel : 


~  Micrographic 

Groups  Qiaracteristics 

0.12%  C. 

0.25%  c. 

0.80%  C. 

Alpha  iron  and  j 
)  pearlite .  .  | 

II  Pure  martensite 
III  Gamma  iron  . 

|>  from  0  to  10%  Ni. 

“  10  to  27  “ 

over  27  il 

from  0  to  7%  Ni. 

“  7  to  25  “ 

over  25  “ 

from  0  to  5%  Ni. 

“  5toI5  4t 
over  15  “ 

'  The  second  class  must  be  subdivided  as  previously  indicated. 

To  sum  up  the  results  obtained,  the  microstructure  of  cast 
nickel  steel  is  as  follows : 

(1)  s  All  these  steels  may  be  divided  into  three  classes,  as 
shown  in  the  preceding  table. 

(2)  -The  greater  the  sum  of  the  nickel  and  carbon  contents 
the  smaller  the  percentage  of  nickel  at  which  the  structure 
changes. 

(3)  In  each  series,  the  first  steel  with  a  polyhedric  structure 
is  non-magnetic. 

(4)  From  the  microstructure  it  is  possible  to  infer  approxi¬ 
mately  the  mechanical  properties  of  the  steel.  It  is  possible,  for 
instance,  to  tell  whether  a  sample  is  hard  or  very  hard,  with  a 
low  or  a  high  elastic  element. 

(5)  ^  is  even  possible  to  infer  the  ease  with  which  the  steel 
can  be  worked.  The  steels  of  the  third  class,  for  instance,  are 
very  difficult  to  machine,  the  difficulty  increasing  with  the  carbon 
content. 

On  the  whole,  the  study  of  the  structure  of  cast  steels  con¬ 
firm  the  important  law  given  by  Mr.  Osmond  concerning  the 
similarity  between  the  effects  of  hardening  carbon,  nickel,  man¬ 
ganese,  etc. 

II.  Microstructure  of  Quenched  Nickel  Steels 

Mr.  Dumas  has  shown  that  quenching  from  a  light  cherry- 
red  heat  produces  but  little  hardening  of  that  group  of  steels 
which  have  a  high  elastic  limit,  while  such  treatment  greatly 
softens  most  of  the  steels  having  a  low  elastic  limit.  Mr.  Dumas 
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adds  that  quenching  hardens  materially,  without  causing  brittle¬ 
ness,  those  steels  whose  point  of  transformation  is  not  far  from 
the  ordinary  temperature. 

Referring  to  Fig.  20  a,  showing  the  transformation  points 
both  on  heating  and  on  cooling,  of  nickel  steels,  it  will  be  seen 
that  the  irreversible  nickel  steels  are  sharply  distinct  from  the 
reversible.  Mr.  Dumas  reaches  the  following  conclusions: 

From  o  to  21  per  cent  of  nickel,  quenching  has  practically 
no  effect. 

In  steels  containing  from  21  to  27  per  cent  nickel,  quenching 
raises  considerably  the  transformation  point  both  on  heating  and 
on  cooling. 


From  27  to  29  per  cent  of  nickel,  quenching  produces  a  rise 
of  the  point  of  transformation  during  heating  and  a  very  con- 

siderable  one  during  cooling.  .  , 

When  the  steel  contains  over  31  per  cent  of  nickel  the 
irreversible  transformation  can  no  longer  be  produced.  Quench¬ 
ing  slightly  lowers  the  reversible  transformations.  From  the  fact 
that  quenching  raises  the  transformation  point,  it  follows  that 
some  non-magnetic  steel  at  the  ordinary  temperature  may  become 
magnetic. 
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In  our  research  we  have  made  the  following  series  of  ex¬ 
periments  : 

In  the  first  series  the  samples  of  steel  were  quenched  at  a 
temperature  higher  than  that  of  the  magnetic  transformation 
during  heating.  A  sample  of  steel,  for  instance,  containing  n  per 
cent  of  nickel,  was  in  this  experiment  quenched  at  a  temperature 
T  higher  than  T. 

In  the  second  series  the  steel  was  heated  to  a  temperature 
higher  than  the  point  of  magnetic  transformation  during  heating, 
and  quenched  at  a  temperature  inferior  to  that  transformation. 
In  this  case  the  steel  containing  n  per  cent  of  nickel  was  quenched 
at  a  temperature  T",  between  t  and  T  after  having  been  heated 
to  T. 

Finally,  in  the  third  series  of  experiments  the  sample  was 
heated  to  a  temperature  T"  and  quenched.  These  operations  were 
conducted  with  all  possible  care,  using  a  Charpy  Furnace  and  a 
thermo-couple.  The  quenching  bath  consisted  of  water  at  a  tem¬ 
perature  of  15  to  20  degrees.  The  following  results  were  ob¬ 
tained  : 

( 1 )  When  nickel  steels  are  quenched  before  they  have 
reached  their  point  of  transformation  during  heating,  no  change 
of  structure  occurs. 

(2)  Those  steels  \vhich  are  heated  to  a  temperature  higher 
than  the  transformation  during  heating  and  quenched,  undergo 
the  same  transformation  whether  they  have  been  quenched  at  that 
temperature  or  at  a  lower  temperature,  before  having  reached  the 
transformation  point  during  cooling. 

1  hese  facts,  of  course,  were  to  be  expected.  It  only  remained 
for  us  to  ascertain  further  what  takes  place  when  nickel  steels 
are  quenched  at  a  temperature  higher  than  that  of  the  transfor¬ 
mation  point  on  heating.  The  results  obtained  are  remarkably 
clear. 

Referring  to  the  groups  into  which  cast  steels  have  been 
divided,  we  find  that  the  steels  belonging  to  the  first  class 
undergo  the  same  transformation  as  carbon  steels.  Martensite 
and  a  network  of  ferrite  are  fonned.  The  steels  of  the  second 
group  showed  a  tendency  to  form  a  polyhedric  structure,  this 
being  especially  so  in  the  case  of  the  sample  containing  0.25  of 
car  on  and  1 5  per  cent  of  nickel  and  quenched  at  700  degrees, 
t  would  seem,  therefore,  that  a  part  of  the  iron  assumes  the 
G  amnia  state. 
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Passing  now  to  the  steels  of  the  third  group,  two  cases 
should.be  considered.  Either  the  point  of  transformation  of 


Fig.  24. 

Fig-  23'  r  .c  Der  cent  Ni.  Hardened  steel ;  0.800  per  cent  C,  to  per  cent  Ni. 
hardened  steel ;  0.120  per  cent  C,  -5  P  Magnified  300  diameters. 

Magnified  3°°  d,a™  qllenching  or  it  is  not  influenced  by  it. 

^  tomelases  as  was'  noted  by  Mr.  Dumas,  some  steels  which 


Fig.  21. 

Hardened  steel;  0.250  per  cent  C,  25  Per  cent  Ni. 
Magnified  300  diameters. 


Fig.  22. 

Hardened  steel;  0.800  per  cent  C,  15  P«  cent  Ni. 
^  Magnified  300  diameters. 
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were  non-magnetic,  or  slightly  so,  at  the  ordinary  temperature 
became  magnetic.  We  inferred  from  this  that  quenching  should 
produce  a  transformation  of  the  microstructure,  and  such  indeed 
is  the  case.  Upon  quenching  at  a  temperature  higher  than  the 
transformation  point  on  heating  those  steels  which  in  each  series 
show  first  the  polyhedric  structure,  some  acicular  crystals  were 
formed  which  recalled  those  obtained  by  severe  quenching  of 
carbon  steels  and  which  are  always  accompanied  by  austenite. 
These  steels,  however,  are  white.  Figs.  21  and  22  show  the 
structure  of  steels  containing  respectively  0.25  per  cent  carbon  with 
25  per  cent  of  nickel  and  0.8  per  cent  of  carbon  and  15  per  cent 
of  nickel  after  quenching.  In  the  last  sample  some  outlines  of 
the  polyhedric  grains  may  still  be  detected.  When  the  steel  con¬ 
tains  more  nickel,  quenching  has  no  longer  any  marked  influence 
upon  the  point  of  transformation.  The  structure  remains  poly¬ 
hedric  but  the  crystals  appear  more  finely  divided. 

In  the  following  table  are  shown  the  effects  of  quenching 
upon  various  nickel  steels: 

Effect  of  quenching. 

Groups  Microstructure  Quenching  temperature  a  little  higher  than 

^  before  quenching  transformation  point  on  heating. 

Quenching  bath  :  Water  at  20°C. 

I  Alpha  iron-f  pearlite 

or  cementite  +  pearlite  Same  effect  as  with  ordinary  steels. 

II  Martensite.  .  .  .  Tendency  towards  polyhedric  structure,  but 

predominance  of  martensite. 

f  1.  For  the  first  steels  of  each  series  with 
I  polyhedric  structure :  acicular  crystals  and 
III  Fure  Gamma  iron  .  <  more  finely  divided  crystals. 

2.  No  appreciable  change  in  the  case  of 
L  steel  containing  more  nickel. 

It  will  be  seen  that  these  results  agree  with  Mr.  Dumas, 
provided  we  take  into  consideration  the  first  group  on  which 
the  effect  of  quenching  is  the  same  as  in  the  case  of  carbon  steel. 
Finally,  steels  exhibiting  a  martensite  structure  were  quenched 
under  conditions  which  in  the  case  of  carbon  steel  would  produce 
austenite  mixed  with  hardenite.  Polyhedric  grains  of  martensite 
were  obtained.  These  grains  are  clearly  shown  in  Fig.  23,  while 
in  Fig.  24  it  will  be  seen  that  the  crystals  of  martensite  have  a 
tendency  to  assume  the  polyhedric  structure.  The  meaning  of 
the  transformation  caused  bv  quenching  in  steels  having  a  poly¬ 
hedric  structure  will  soon  be  shown. 
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III.  Microstructure  of  Annealed  Steels 

Let  us  first  recall  that  Mr.  Dumas  has  shown  that  reheating 
produces  results  similar  to  those  of  quenching.  It  has  a  tendency 
to  decrease  hysteresis ;  that  is  to  say,  after  reheating  the  distance 
between  the  two  points  of  transformation  (on  heating  and  cool¬ 
ing)  becomes  less.  This  shows  that  through  annealing  as  well 
as  through  quenching  these  steels  which  have  their  points  of 
transformation  near  the  ordinary  temperature  may  from  non¬ 
magnetic  become  magnetic. 

I  have  studied  the  effects  of  annealing  upon  the  micro- 
structure  of  nickel  steel  in  a  series  of  experiments.  In  the  first 
experiments  all  the  samples  were  heated  in  an  electric  heating 
furnace  to  a  temperature  of  900  degrees  during  four  hours.  They 
were  then  allowed  to  cool  slowly.  The  results  showed  that  the 
effect  of  reheating  on  the  steels  of  the  first  group  was  the  same 
as  that  resulting  from  the  same  treatment  of  carbon  steel. 

In  the  case  of  the  steels  of  the  second  and  third  groups, 
there  was  a  tendency  to  form  a  polvhedric  structure  similar  to 
that  produced  by  quenching.  This  might  be  due  to  air  quenching. 
Finally  the  same  exceptions  should  be  made  for  the  fifth  group 
as  were  made  in  the  quenching  experiments.  The  first  steels 
which  present  a  polvhedric  structure  also  contain  acicular  crystals, 
but  while  after  quenching  these  crystals  are  generally  white,  after 
annealing  and  etching  they  assume  a  dark  color.  I  have  not  been 
able  to  ascertain  the  reason  for  this  difference  in  color.  It  will 
be  shown  later  on  that  in  other  instances  they  occur  sometimes 
black,  sometimes  white.  The  effects  of  annealing  are  shown  m 
Figs  25  26  and  27  which  illustrate  (1)  the  structure  of  steel 
containing  0.25  and  25  per  cent  of  nickel  reheated  at  900  degrees 
during  four  hours,  and  (2)  steel  with  0.8  per  cent  of  carbon  and 
1  c  per  cent  of  nickel  reheated  at  700  degrees.  When  the  steels 
contain  more  nickel  a  tendency  to  form  martensite  is  detected 
which  was  not  observed  in  the  quenching  experiments.  In  the 
case  of  steel  containing  0.8  per  cent  carbon  and  20  per  cent  of 
nickel,  for  instance,  the  structure  was  transformed,  as  shown  in 
F'  28  If  the  metal  contains  still  more  nickel,  the  only  struc¬ 
tural  change  consists  of  an  enlargement  of  the  polvhedric  grains 
sometimes  enormous,  as  I  shall  soon  show. 

In  a  second  series  of  experiments  it  was  our  purpose  to  study 
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Fig.  25. 

Steel  annealed  at  900°;  0.250  per  cent  C,  25  per 
cent  Ni.  Magnified  300  diameters. 


Fig.  26. 

Steel  annealed  at  700°;  0.800  per  cent  C,  15  per 
cent  Ni.  The  photograph  shows  development  of 
polyhedra  and  formation  of  acicular  crystals. 
Magnified  100  diameters. 


Fig.  27. 

Steel  annealed  at  700°  for  one  hour.  The  photo¬ 
graph  only  shows  the  acicular  crystals; 

0.800  per  cent  C,  1 5  per  cent  Ni. 
Magnified  300  diameters. 


Fig.  28. 

Steel  annealed;  0.800  per  cent  C,  20  per  cent 
Magnified  300  diameters. 
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the  influence  of  the  time  during  which  the  steel  was  reheated 
upon  the  microstructure  of  those  samples  which  form  acicular 
crystals  on  reheating.  For  these  experiments  the  samples  con¬ 
taining  0.25  per  cent  of  carbon  and  25  per  cent  of  nickel  and 
0.8  per  cent  of  carbon  and  15  per  cent  of  nickel  were  selected. 
They  were  heated  for  different  lengths  of  time,  varying  between 
fifteen  minutes  and  four  hours,  at  900  degrees,  and  allowed  to 
cool  in  air.  We  found  that  after  fifteen  minutes  there  was  a 
decided  change  of  structure  due  to  the  formation  of  acicular 
crystals.  The  third  series  of  experiments  was  then  undertaken 
to  ascertain  the  time  required  at  different  temperatures  in  order 
to  induce  the  formation  of  these  crystals  after  cooling.  In  the 
case  of  steel  containing  0.8  per  cent  carbon  and  15  per  cent  of 
nickel,  a  decided  change  of  structure  was  noticed  after  reheating 
for  thirty  minutes  at  700  degrees.  And  this  was  also  the  case 
with  the  steel  containing  0.8  per  cent  of  carbon  and  25  per  cent 
of  nickel,  as  shown  by  Figs.  26  and  27.  It  would  appear  as  if 
the  time  required  to  produce  the  transformation  does  not  vary 
with  the  carbon  content.  Some  samples  were  also  cooled  in  the 
furnace  in  order  to  avoid  air  quenching,  but  it  was  found  that 
this  air  quenching  had  no  influence  upon  the  structure  To  sum 
up,  it  may  be  stated  that  from  a  micrographic  point  of  view  the 
reheating  operation  has  the  same  influence  upon  nickel  steel  as 
quenching  in  the  case  of  all  samples  except  those  of  the  first 
group.  The  steels  of  the  first  group  are  affected  like  carbon 
steels.  Reheating,  however,  appears  to  produce  a  change  from  the 
polyhedric  structure  to  a  martensite  structure  in  the  case  of  some 
steels  upon  which  quenching  was  without  effect.  We  infer  from 
this  that  when  a  steel  with  a  polyhedric  structure  is  quenched, 
resulting  in  the  formation  of  martensite  the  cause  of  this  forma¬ 
tion  is  due  to  the  reheating  preceding  the  quenching,  rather  than 
to  the  quenching  proper. 


IV  Microstructure  of  Cold-worked  Steels 

When  nickel  steels  were  introduced  it  was  found  that  the 
chips  obtained  in  working  non-magnetic  steels  were  magnetic, 
and  that  the  work  could  only  be  continued  after  quenching  or 
reheating  steel.  Since  then  Mr.  Dumas  has  shown  that  cold¬ 
working  produces  the  same  effect  as  quenching.  We  infer  from 
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this  that  these  steels  which  have  their  transformation  point  near 
the  ordinary  temperature  must  undergo  through  cold-working 
important  changes  in  their  microstructure.  The  results  obtained 
are  truly  remarkable,  and  the  figures  only  show  imperfectly,  in 
spite  of  the  care  which  was  taken,  the  observed  appearances. 

For  these  experiments  samples  containing  0.25  per  cent 
carbon  and  25  per  cent  of  nickel  and  0.8  per  cent  carbon  and 
15  per  cent  of  nickel  were  used.  According  to  Mr.  Dumas,  these 
samples  which  were  non-magnetic  became  magnetic  through  cold¬ 
working.  He  noticed  that  after  cold-working  the  structure  be¬ 
comes  clearly  made  up  of  acicular  crystals  although  some  poly- 
hedric  grains  still  remained.  The  most  important  facts,  however, 
are  the  following: 

( 1 )  The  more  pronounced  the  cold-working  the  more  numer¬ 
ous  the  acicular  crystals,  and  the  more  magnetic  the  steel.  Careful 
experiments  should  be  made  to  confirm  this. 

(2)  The  first  effect  of  cold- working  is  to  increase,  so  to 
speak,  the  demarcation  of  the  cleavage  planes  which  are  indicated 
in  each  polyhedric  grain. 

A  similar  effect  was  noted  by  Mr.  Charpy  in  the  case  of 
brass.  It  would  seem  as  if  this  marked  the  beginning  of  the 
transformation  of  austenite  into  acicular  crystals.  This  change 
of  structure  is  shown  in  Figs.  29,  30  and  31.  One  of  them 
(Fig.  29)  shows  some  acicular  crystals  formed  on  the  outside 
of  the  polyhedric  grains  to  such  an  extent  that  it  would  seem  as 
if  half  of  the  specimen  had  been  hidden  by  photographing.  These 
photographs  appear  to  throw  much  light  upon  the  transformations 
which  take  place  in  ascertaining  nickel  steel  and  which  consist 
in  the  change  of  a  polyhedric  structure  into  a  structure  made  up 
of  acicular  crystals. 

These  cleavage  planes  through  their  fracture  give  rise  to  the 
formation  of  acicular  crystals.  It  is  difficult  to  say  whether 
t  iese  acicular  cn  stals  are  identical  with  the  more  numerous  ones 
already  observed. 

To  throw  more  light  upon  the  influence  of  cold-working, 
we  have  made  the  following  three  series  of  experiments,  which 
were  by  Messrs.  Le  Chatelier  and  Mesnager. 

In  the  first  series  a  sample  of  steel  containing  0.8  per  cent 
o  car  )on  and  15  per  cent  of  nickel  was  cold-worked  by  means 
o  a  press  or  a  hammer  without  passing  the  elastic  limit.  In  these 
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Fig.  29. 

Cold-worked  steel;  0.800  per  cent  C,  15  Per 
cent  Ni.  Magnified  300  diameters.  The  photo¬ 
graph  shows  the  formation  of  hardenite  near  t  e, 
edge  of  a  polyhedron. 


Fig.  30. 

Cold-worked  steel ;  0.800  per  cent  C,  1 5  P« 
cent  Ni.  Magni«e<i  300  diameters.  The  photo¬ 
graph  shows  the  development  of  polyhedra  and 
the  formation  of  acicular  crystals. 


Fig-  31* 

Cold-worked  steel  tecSoo^-cent  C,  .5 

graph  Shows’, he  development  of  polyhedra 
and  cleavage  planes. 


Fig.  32‘ 

Steel  cooled  to  -7»°  i  °-8°°  per  cent  C,  15  per 
cent  Ni.  Magnified  300  diameters. 
Unetched  specimens. 
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cases  the  formation  of  martensite  was  not  observed.  The  size 
of  the  crystals  does  not  increase  materially.  The  surface  of  the 
sample  in  immediate  contact  with  the  forging  tool,  and  which 
had  been  previously  polished,  was  wholly  made  up  of  acicular 
crystals. 

In  the  second  series  of  tests  we  passed  the  elastic  limit,  and 
the  phenomenon  already  described  was  observed,  namely,  the 
formation  of  acicular  crystals. 

Finally,  in  another  series  of  tests  the  clastic  limit  was  passed 
only  in  one  portion  of  the  mass,  and  it  was  only  in  that  portion 
that  the  acicular  crystals  were  produced  and  these  crystals  in¬ 
creased  in  number  as  the  surface  which  received  the  blow  of  the 
hammer  was  approached. 

The  development  of  the  polyhedric  grains  seems  abnormal, 
and  it  would  be  interesting  to  complete  these  experiments  in  order 
to  throw  more  light  upon  the  mechanical  effects  of  work. 

It  is  certain,  at  any  rate,'  that  in  the  case  of  those  steels 
whose  transformation  point  is  near  the  ordinary  temperature 
cold-working  has  a  tendency  to  greatly  increase  the  polyhedric 
grains  and  to  induce  the  formation  of  martensite. 

V.  Microstructure  of  Nickel  Steels  Cooled  Below 
Atmospheric  Temperature 

According  to  the  work  of  Dewar,  Fleming,  Osmond  and 
Dumas,  some  nickel  steels  undergo  a  transformation  during  the 
cooling,  which  is  accompanied  by  a  rise  of  their  elastic  limit, 
a  great  increase  of  their  tenacity  and  a  greater  decrease  of  their 
ductility.  All  samples  which  undergo  this  transformation, 
Mr.  Dumas  states,  assume  the  magnetical  characteristics  of 
those  steels  whose  irreversible  transformation  during  cooling  is 
located  above  atmospheric  temperature. 

Our  first  series  of  experiments  dealt  with  the  cooling  of 
various  samples  to  a  temperature  of  —  78  degrees  obtained  by 
solid  carbonic  acid  and  alcohol.  It  was  found  that  such  treat¬ 
ments  were  without  action  upon  the  steels  of  the  four  first  classes. 
It  had  a  little  effect  upon  the  steels  of  the  fifth  class.  The  ten¬ 
dency  is  to  convert  the  polyhedric  grains  into  acicular  crvstals. 

The  steels  containing  0.25  per  cent  of  carbon  and  25  per  cent 
of  nickel  and  0.9  per  cent  of  carbon  and  15  per  cent  of  nickel, 
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which,  according  to  Dumas,  become  permanently  magnetic  at 
—  78  degrees,  exhibited  many  acicular  crystals.  Moreover,  under 


Fig-  33- 

Steel  cooled  to  —78°;  0.250  per  cent  C,  25  per 
cent  Ni.  Magnified  300  diameters. 


Fig.  35- 

Steel  cooled  to  -78’;  °  =5°  Per  cent  c-  3°  Per 
cent  Ni.  Magnified  300  diameters. 


Fig.  34- 

Steel  cooled  to  -’78°;  0.800  per  cent  C,  15  per 
cent  Ni.  Magnified  300  diameters. 


Fig.  36. 

Steel  cooled  to  —78°;  0.800  per  cent  C,  20  per 
cent  Ni.  Magnified  300  diameters. 


the  influence  of  cooling  the  acicular  crystals  expanded  to  such 
a  degree  that  after  quenching  a  surface  previously  polished  the 
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polyhedric  structure  could  be  clearly  seen  without  any  need  of 
etching  (Fig.  32).  This  phenomenon  has  already  been  observed  in 
the  case  of  quenched  steels  by  Mr.  Osmond,  who  has  described  it  in 
The  Mctallographist  for  October,  1899.  Figs.  33  and  34  show  the 
same  steels  after  polishing  and  etching.  If  the  steel  contains  more 
nickel  than  those  just  mentioned,  upon  cooling  to  — 78  degrees 
acicular  crystals  are  formed.  Such  is  the  case  for  steels  with  the 
following  composition : 

0.12  per  cent  carbon  and  20  per  cent  nickel, 

0.25  per  cent  carbon  and  30  per  cent  nickel, 

0.80  per  cent  carbon  and  20  per  cent  nickel. 

Figs.  35  and  36  show  the  microstructure  of  the  last  two 

of  these  samples. 

With  steels  containing  more  nickel  no  change  occurs,  but 
the  polyhedric  grains  show  a  tendency  to  increase.  The  same  fact 
was  observed  with  the  four  series  of  steels  with  which  we 
experimented.  The  acicular  crystals  appear  sometimes  white, 
sometimes  black,  after  etching.  The  same  sample  even  exhibits 
sometimes  both  white  and  black  crystals.  In  one  instance  we 
found  a  crystal  colored  black  on  one  side  and  white  on  the  other, 
as  shown  in  Figs.  34  and  37. 

In  a  second  series  of  experiments  we  have  subjected  the 
same  steels  which  bad  many,  acicular  crystals  at  a  temperature 
of  78  degrees  to  coolings  to  temperatures  much  below  the 
ordinary  temperature.  In  these  steels,  even  at  o  degree,  and  after 
a  very  short  time,  a  beginning  of  transformation  was  observed 
(Fig-  38) •  The  lower  the  temperature  the  more  numerous  the 
acicular  crystals.  At  — 40  degrees,  in  the  case  of  the  steels  ex¬ 
perimented  upon,  they  seem  as  numerous  as  at  —  78  degrees 
(Figs.  39  and  40). 

The  conclusions  of  these  experiments  are  as  follows : 

These  steels  which  are  non-magnetic,  and  which  undergo 
readily  the  transformation,  also  undergo  a  change  of  structure. 
Acicular  crystals  are  observed  which  are  generally  white.  This 
transformation  begins  at  a  temperature  near  the  atmospheric 
temperature.  In  the  case  of  some  steels  which  undergo  a  full 
transformation  at  —78  degrees,  a  change  of  structure  is  also 
noted  at  that  temperature.  We  have  always  observed  that  when 
acicular  crystals  begin  to  be  formed  magnetism  also  occurs. 

Steels  made  up  of  martensite  and  of  pearlite  do  not  undergo 
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Fig-  37. 

Steel  cooled  to  —  40°;  0.800  per  cent  C,  15  Per 
cent  Ni.  Magnified  300  diameters.  The  photo¬ 
graph  shows  black  acicular  crystals. 


Fig-  38. 

Steel  cooled  to  o':  0.800  per  cent  C.  55  P« 
cent  Ni.  Magnified  300  diameters.  The  photo¬ 
graph  shows  the  development  of  the  po  yhedra, 
and  the  formation  of  acicular  crystals. 


1  to  -  -o"  i^oioo  per  cent  C.  15  P« 
^Ni  Magnified  300  diameters. 


Fig.  40- 

Steel  cooled  to  -40°;  0.800  per  cent  C,  15  per 
cent  Ni.  Magnified  300  diameters.  The  photo 
graph  shows  some  acicular  crystals  colored  white 
and  black. 
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any  transformation  in  cooling  to  — 78  degrees.  In  the  case  of 
steel  having  a  martensite  structure,  however,  this  structure  is 
apparent  after  cooling  without  etching. 


VI.  Cementation  and  Decarburization  of  Nickel  Steels 


It  seemed  to  us  interesting  to  confirm  the  results  obtained  in 
the  experiments  just  described  by  means  of  some  tests  on  cemen¬ 
tation  and  decarburization.  Of  the  many  experiments  conducted 
I  shall  only  describe  those  of  special  interest. 

These  cementation  experiments  were  made  in  the  following 
conditions : 

Temperature  of  the  furnace:  1050  degrees. 

Cement  used :  bone  charcoal. 

Length  of  the  operation:  4  hours. 

Diameter  of  the  bars  used:  20  millimeters. 

Penetration  of  the  carbon :  about  2^4  millimeters. 

Slow  cooling  in  the  furnace  itself. 

The  surface  of  the  samples  absorbed  about  1  per  cent  of 
carbon.  Much  care  must  be  exercised  in  conducting  these  experi¬ 
ments  in  order  not  to  dull  somewhat  the  edges  of  the  samples. 
It  is  important  to  avoid  this  because  the  edge  is  precisely  the  most 
interesting  portion.  Mr.  Le  Chatelier  suggested  to  weld  together 
two  samples  so  that  only  one  surface  needs  to  be  polished  and 
the  edge  of  the  weld  can  be  readily  observed. 

1.  Cementation  of  steel  containing  0.12  per  cent  of  carbon 
and  2  per  cent  of  nickel. 

The  structure  obtained  is  identical  to  that  of  ordinarv  carbon 
steel,  and  this  is  in  accordance  with  results  previously  obtained  ; 
for  it  is  well  known  that  steel  containing  2  per  cent  of  nickel, 
e\en  with  0.8  of  1  per  cent  of  carbon,  is  constituted  like  ordinary 


2.  Cementation  of  steel  containing  0.12  per  cent  of  carbon 
and  y  per  cent  of  nickel. 

■  In‘he  “ntr*’  th.is  steel  is  always  formed  of  pearlite  and  of 
‘r0"'  ,  C^r  '*e  * len  'ncreases  and  martensite  begins  to  appear. 

ittle  by  little  acicular  crystals  are  formed,  which  become  more 
numerous  as  we  approach  the  outside  of  the  bar.  This  structure 
conf.rms  the  inference  that  martensite  crystals  seem  to  affect  the 
shape  of  the  acicular  crystals  in  steel  highly  carburized.  It  is 
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also  the  result  reached  by  Mr.  Osmond  in  his  experiments  dealing 
with  the  quenching  of  carbon  steel. 

3.  Cementation  of  steel  containing  0.12  per  cent  of  carbon 
and  15  per  cent  of  nickel. 

In  this  sample  martensite  is  formed  in  the  centre.  Acicular 
crystals  are  next  formed,  increasing  in  number.  A  white  portion 
is  next  observed  which  undoubtedly  is  made  up  Gamma  iron. 
The  surface  of  the  steel  contains  about  1  per  cent  of  carbon,  and 


it  is  known  that  nickel  steel  containing  0.8  per  cent  of  carbon 
and  15  per  cent  of  nickel  has  a  polyhcdric  structure.  It  is 
surprising  that  this  layer  should  be  so  thin  although  the  carbon 
content  reaches  0.8  per  cent  to  a  considerable  depth. 

The  explanation  of  these  facts  is  now  well  understood.  We 
know  that  upon  reheating  a  sample  of  steel  containing  0.8  per  cent 
of  carbon  and  15  per  cent  of  nickel  this  steel  assumes  a  martensite 
structure.  In  the  region  containing  0.8  per  cent  of  carbon,  there¬ 
fore,  we  shall  have  martensite  because  of  the  reheating  which 
takes  place  at  the  temperature  of  the  cementation  operation  and 
the  only  portion  in  which  a  polyhedric  structure  can  be  formed  will 
be  that  portion  containing  more  carbon.  As  an  additional  evidence 
of  the  correctness  of  this  conclusion  it  may  e  sai  t  a  m  a 
sample  of  cemented  steel  cooled  to  7®  degrees  no  c  lange  o 
structure  takes  place,  while  if  any  steel  w*th  0.80  per •emt  of 
carbon.  .5  per  cent  of  nickel  remained  which  had  not  been  rans- 
formed  by  the  reheating,  the  thickness  of  the  **«***?“ 
crystals  should  increase  and  the  white  port.on  should  dimmish. 
4  Cementation  of  steel  containing  0.12  per  cent  of  carbon 

to  those  Jos,  MM  ho,  the  poly 
1  he  .  e  _  This  was  to  be  expected,  because 

hedric  layer  increases  a  liUlc,  Tins**  ^  ^  of  ^ 

isnminTformed  by  reheating  to  900  degrees  for  four  hours. 

5.  Cementation  of  steel  containing  0.12  per  cent  of  carbon 

a"d  xhe^structure  here  becomes  polyhedric  all  through  the  mass 
a  Lr  we  have  seen  that  reheating  had  no  effect  upon  steel 
and  lndee  ^  q{  carbon  and  30  per  cent  of  nickel.  It 

U  seen  that  the  results  of  the  cementation  experiments  agree  with 
the  ^happen  °that  by^cementation,  steel  which  is  non- 
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magnetic  becomes  magnetic,  and  this  is  due  not  to  the  action  of 
the  cementation  but  to  the  reheating  which  changes  the  polyhedric 
structure  into  the  martensite  structure  in  the  case  of  some  steels. 
This  important  fact  coincides  perfectly  with  Mr.  Dumas’  results. 
If  steels  containing  27  per  cent  of  nickel  and  0.12  per  cent  of  car¬ 
bon  or  25  per  cent  of  nickel  and  0.3  per  cent  of  carbon,  for  in¬ 
stance,  were  subjected  to  cementation  they  would  become  mag¬ 
netic.  In  short,  nickel  steels  undergo  through  cementation  the 
same  transformations  as  through  reheating. 

All  experiments  on  the  decarburization  were  conducted  at 
800  degrees  during  eight  hours.  Steel  containing  0.9  per  cent 
of  carbon  was  used  and  the  cement  was  pure  oxid  of  iron. 

1.  Decarburization  of  steel  containing  5  per  cent  of  nickel: 
the  phenomenon  is  the  same  as  in  the  case  of  ordinary  carbon  steel. 

2.  Decarburization  of  steel  containing  10  per  cent  of  nickel : 
in  the  centre  the  structure  remains  unaltered ;  it  consists  of  acic- 
ular  crystals  nearer  the  edge  and  of  martensite  on  the  outside. 

3.  Decarburization  of  steel  containing  15  per  cent  of  nickel: 
In  the  centre  the  structure  is  not  polyhedric  and  this  is  due  to  the 
effect  of  reheating.  The  acicular  crystals  become  more  and  more 
numerous  at  first,  then  decrease  and  finally  martensite  is  formed 
near  the  edges. 

4.  Decarburization  of  steel  containing  30  per  cent  of  nickel : 
This  sample  is  not  much  changed  by  the  reheating  and  the  primi¬ 
tive  structure  is  preserved.  Near  the  edges  a  few  acicular  crys¬ 
tals  are  detected. 

To  sum  up,  these  experiments  confirm  the  results  previously 
obtained.  They  show  that  the  structure  made  up  of  acicular  crys¬ 
tals  is  similar  to  the  martensite  structure,  the  first  one  occurring 
in  steels  containing  much  carbon. 


\  II.  Experiments  ox  the  Regeneration  of  Nickel  Steels 
Having  U  ndergone  the  Transformation 

It  ha»  been  seen  that  some  steels  with  a  polyhedric  structure 
undergo  a  transformation  by  quenching,  annealing,  cold-working 
and  cooling  below  atmospheric  temperature.  Experiments  were 
conducted  to  regenerate  these  steels,  but  in  no  case  was  this  pos- 
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Conclusions 

The  micrographic  study  of  nickel  steels  which  we  have  just 
described  clearly  shows  that  the  constituents  of  these 
of  the  following: 

1  Ferrite,  pearlite  and,  of  course,  troostite  and  sorbite. 

is  not  known.  tn  Mr  Os- 

4.  Polyhedric  grains  undoubtedly  corresponding  to  Mr.  U 

mond's  iron.  identical  with  martensite?  We 

Are  these  acicular  crystals  ident  c  crystals  are 

believe  it  to  be  so  because  even  in  cast  st  's  t0  be, 

present  when  the  steel  contains  enough  carbo  .  1 ' 

in  the  case  of  these  highly  carburized  oJr 

martensite;  in  other  words,  it  is  crystals  represent,  what- 

hand,  almost  certain  that  these  acicu  assumed  by 

ever  the  percentage  of  ^"/"^V^eatment.  In  quenching, 
iron  when  subjected  to  any  1  mi  undergoing  the 

or  cold- working  .  *!  l  <5*. 

..ion,  «.  '»•*  ”"  ,S  call  attention 

crystals  except  in  a  single  ca  '  constituents  confer  on  steel 
to  the  fact  that  the  Prcs0',c  1  thosc  produced  by  martensite, 
the  same  magnetic  propert  studyP  Jg  certainly  the  perfect 

The  most  interesting  result  ^  betwCen  the  mechanical 

coincidence  which  has  been  s  clearly  follows  from  the 

properties  and  the  microstructure.  This  cteaj  ^  ^  ^  the 

experiments  I  have  jus  ™  (  wU1  make  it  possible  not 

metallographic  study  I  stitution  of  these  metals,  but 

only  to  see  more  clearly  into  tlwcon^  ^  ^  mecbanical 

also  to  infer  more  qu«c  .  lead  to  metallography  being 

properties.  They 1  an  important  guide  in  their 

finally  taken  up  in  steei 

daily  work.  mamranese  vielded  results  of  the 

'  Similar  experi—  with  — them  soon.  as  well 

came  character.  A  l  ,  < 

.h..  I.  .  I...C  been  Okie 
„  cnpccinwntc  1  owe  »  »  ~  “ 
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by  the  Dion  Bouton  Company,*  to  the  kindness  with  which  Mr.  Le 
Chatelier  has  guided  me,  and  also  to  the  help  of  the  largest  steel 
works  of  France.  I  am  especially  indebted  to  Mr.  Poucel, 
Mr.  Dumas,  to  the  steel  works  of  Imphy,  of  Unieux,  and  of 
Montlu$on. 


THE  INFLUENCE  OF  SULPHUR  AND  MANGANESE 
ON  STEEL  f 

By  J.  0.  ARNOLD  and  0.  B.  WATERHOUSE 

IN  the  Journal  of  the  Iron  and  Steel  Institute ,  No.  II,  1901, 
p.  234  et  seq.,  was  published  a  voluminous  and  valuable 
paper  by  Mr.  Axel  Wahlberg,  Director  of  the  Testing  Institution 
of  the  Royal  Technical  High  School  at  Stockholm.  This  memoir 
dealt  with  the  properties  of  the  extensive  series  of  heat-treated 
steels  prepared  by  Mr.  Brinell.  As  Mr.  Wahlberg  remarked,  the 
paper  lacked  the  important  evidence  certain  to  be  obtained  from  a 
micrographic  analysis  of  the  bars  experimented  upon.  Hence,  per 
favor  of  Mr.  R.  A.  Hadfield,  Mr.  Brinell  kindly  forwarded  his 
steels  to  one  of  us  to  be  examined  in  the  micrographic  laboratory 
of  the  Sheffield  University  College.  The  full  examination  of  the 
series  must  necessarily  occupy  years,  and  the  present  paper  is  an 
instalment  covering  only  a  small  portion  of  the  ground,  but  that 
part  is  perhaps  the  most  interesting,  because  it  clears  up  mechan¬ 
ical  phenomena  due  to  the  micro-chemical  relations  of  carbon, 
manganese,  and  sulphur  in  steel. 


Chemical 


The  most  startling  results  obtained  in  Mr.  BrineH’s  research 
were  connected  with  a  steel  which  had  the  following  analysis : 


Carbon  .  . 
Silicon  .  . 
Manganese  . 
Sulphur  .  . 
Phosphorus . 


Element 


Brinell’s 

Analysis 


0.460 

0.369 


Author’s 

Analysis. 


0.460 

0.370 


0.560  0.540 

0.055  0.043 


I  must  also  express  my  appreciation  to  Mr.  Le  Grix  who  has  taken 

the  beautiful  photomicrographs  accompanying  this  paper. 

\  Journal  Iron  and  Steel  Institute,  No.  I,  1903. 
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Taking  the  mean  of  the  foregoing  analysis  it  will  be 

Mechanical 

.  rjr.^s 


,  .  „  in  the  mechanical  table  is  the  rolled 

The  sample  marked  B  -n  air  The  micrographic 

bar  A  heated  to  35°  ^  identicai,  being  delineated  m  Micro- 

structures  of  A  and '  The  right  half-section  is  longitudinal 

‘  the*  leff  half -section  transverse.  It  will  be  noted  that  both 

and  th  t  three  constituents: 

half-sections  p  ^  Well-laminated  pearlite. 

2  White  ferrite. 

o(  «.  of  manganese,  is  the  fa.,  tint. 
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.1 


Carbon 

Silicon 

Manganese 

Sulphur 


Micrograph  B. 
0.46  per  cent 
0.37 
1.07 
0.54 


Magnified  460  diameters. 
Permanent  Set,  tons  per  square  inch 
Maximum  Stress,  41  44 

Elongation  per  cent  on  5.5  inches  . 
Reduction  of  Area  per  cent  . 


.  24.96 

.  40.60 
.  18.10 

.  21.90 


Carbon 

Silicon 

Manganese 

Sulphur 


Micrograph  C.  Magnified  460  diameters. 


0.46  per  cent 
0.37  44 

1.07 

0-54  “ 


Permanent  Set,  tons  per  square  inch 
Maximum  Stress,  44  “ 

Elongation  per  cent  on  5.5  inches . 
Reduction  of  Area  per  cent  .  . 


.  28.45 

.  39-70 
.  17.60 
.  24.10 
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Carbon 
Silicon  r 
Manganese 
Sulphur 


Micrograph  D.  Magnified  460  diameters. 

46  per  cent  Permanent  Set,  tons  per  square  mch 

u  Maximum  Stress, 

’■?!  ..  Elongation  per  cent  on  5-5  ,oches ' 

7  Reduction  of  Area  per  cent  .  • 

>•54 


.  27-75 
.  43.60 

.  1 5-8o 
.  21.90 


Carbon 

Silicon 

Manganese 

Sulphur 


T  • 

a4  Reduction  of  Area  per  cent  . 


42.78 

55-40 

0.90 

4.60 
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structures  present  that  of  an  iron  and  carbon  steel  almost  devoid 
of  manganese ;  that  is  to  say,  the  ferrite  and  pearlite  are  in  almost 
equal  proportions,  and  the  latter  is  decisively  laminated.  In  an 
ordinary  manganese  steel,  as  will  be  presently  shown,  the  pearlite 
is  not  laminated,  and  is  apparently  (but  only  apparently)  much 
greater  in  area  than  typical  iron  and  carbon  pearlite.  The  abnormal 
structure  of  this  steel  is,  of  course,  due  to  the  fact  that  the  half 
per  cent  of  sulphur  present  has  appropriated  practically  the  whole 
of  the  manganese  to  form  MnS.  This  constituent  Mr.  Wahlberg 
anticipated  would,  on  micrographic  analysis,  be  discovered  as  a 
network.  This  view,  however,  is  not  confirmed  by  the  microscope ; 
in  fact,  had  the  sulphide  of  manganese  formed  sectional  meshes, 
indicative  of  solid  geometrical  membranes,  the  material  must 
necessarily  have  been  both  hot  and  cold  short.  It  will  be  seen  that 
the  sulphide  has  been  drawn  out  into  long  strings,  presenting 
irregular  transverse  sections. 

Micrograph  C  shows  the  steel  heated  at  1200°  C.,  and  cooled 
in  air.  It  exhibits  precisely  the  same  micrographic  constituents 
as  Micrograph  B.  The  sulphide  of  manganese  is  unaltered,  but 
the  ferrite  and  pearlite  have  arranged  themselves  in  a  much 
smaller  pattern. 

Micrograph  D  exactly  reproduces  the  structure  of  the  steel 
quenched  at  75°°  C.  The  left  half-section  shows  the  structure 
just  as  etched  by  Mr.  Igcvsky’s  reagent  of  alcohol,  containing 
5  per  cent  of  picric  acid,  the  best  reagent  yet  proposed  for  etching 
steel.  This  left  half-section  shows  apparently  three  constituents, 
namely,  laminated  pearlite,  sulphide  of  manganese,  and  a  dark- 
brown,  amorphous-looking  substance.  The  last  named  is  Mr.  Os¬ 
mond’s  so-called  constituent,  troostite. 

The  right  half-section  shows  the  structure  after  gently  rub¬ 
bing  with  fine  kid-skin.  It  now  appears  as  a  mixture  of  small 
brilliant  particles  of  Fe3C  on  a  dark  ground  mass.  This  sub¬ 
stance  is  not  entitled  to  specific  rank  as  a  constituent  or  “  ite,” 
because  it  is  an  indefinite  mixture  of  incipient  pearlite  and  un¬ 
transformed  hardenite.  The  latter  constituent  deposits  hardening 
carbon  on  etching,  and  so  presents  to  a  superficial  examination 
the  appearance  of  an  amorphous  constituent. 

Micrograph  E  shows  the  steel  quenched  from  iooo°  C.  Its 
structure  presents  dove-grey  patches  of  sulphide  of  manganese, 
a  few  large  and  many  small  areas  of  structurally  free  ferrite  on 
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a  dark  ground’ mass,  very  faintly  showing  a  martensitic  structure 
due  to  innumerable  alternating  plates  of  ferrite  ami  hardenuc. 


The  Effects  of  Varying  Proportions  of  Sulthur  ano 
Manganese 

It  being  evident  that  the  relatively  good  mechanical  properties 
of  Mr.  Brinell’s  high  sulphur  steel  were  due  to  the 
ot  my«.«K  therein,  the  .uthor,  nmlertook  tothc  ' 
to  guage  the  mechanical  and  nucrographtcal  effects  _  «  y  h 

quantities  of  sulphur  and  manganese,  preparing  tor  •  1 

three  ingots  similar  to  Brinell  s  steels.  it:ons  ,vnj 

The  following  table  embodies  the  chemical  compositions 

forging  capabilities  of  these  ingots . 


Ingot 

No, 

C. 

SI* 

Mu. 

S.  j 

P, 

786 

0,39 

0.34 

0.10 

0.4  a 

0.04 

787 

o.35 

0.3a 

0.45 

0.47 

0.04 

796 

0.47 

0.38 

1.04 

0.0a 

0.04 

Remark# 

1  Ingot  hopdsMW  emcktd  und.r  tl.« 
third  blow  of  hammer. 

Ingot  hopolo.»ly  cr«ck«d  und.f  »h« 

)  tenth  blow  ot  hammer. 

.  »  ttIUl  If 


Ingot  No. 


“  7»7 

M  79b 

PrineU1#,  481  5 


Por  Cent  MnS. 

_ 

Remark# 

Jly  NVoight 

]ly  Volume 

- - — * 

(  Would  not 

o.t6 

0.30 

\  forge 

0.7* 

0.054 

1*47 

1.05 
0.10a 
a, 78 

Forged  well 

it 

.  c  in  Hh'iro  relief  the  fatal  effect  of 
The  foregoing  table  s smaU  effect  produced 
sulphide  of  iron  on  stttl  tt  1 
by  sulphide  of  manganese. 
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Mechanical 

It  will  be  seen  that  the  authors’  ingot,  No.  796,  and  Brinell  s 
ingot,  No.  4815,  are  identical  in  chemical  composition  except  with 
reference  to  sulphur,  4815  containing  sulphur  0.55,  and  796  only 
0.02  per  cent  of  sulphur.  The  followng  table  shows  not  only  the 
great  difference  in  mechanical  properties  in  these  two  steels,  but 
also  the  influence  of  very  slow  cooling  on  the  properties  of  796, 
which  was  heated  for  some  time  to  95°°  C.,  and  allowed  to  cool 
for  about  twenty-four  hours : 


Steel 

No. 

Treatment 

Permanent 

Set. 

Tons  per 
Square  Inch 

Maximum 
Stress. 
Tons  per 
Square  Inch 

Elongation 
per  Cent 

Reduction  of 
Area 
per  Cent 

4815 

As  rolled 

20.6 

394 

16.8* 

24.1 

796 

“ 

40.S 

52.2 

25.0  t 

49.9 

796 

Annealed 

14.9 

43-1 

25.0  t 

42.0 

*  On  5.5  inches.  t  On  2.0  inches. 


,  Micrographic  Analysis 

The  micrographic  analysis  of  4815  has  already  been  dealt 
with ;  it  remains  to  describe  the  structures  of  ingots  786  and  787 
and  of  the  rolled  bar  obtained  from  796  before  and  after  anneal¬ 
ing.  A  study  of  these  structures  will  clearly  explain  the  varying 
influences  of  both  sulphur  and  manganese  on  steel. 

Micrograph  F  is  786  unetched.  It  exhibits  the  sulphide  of 
iron  as  a  pale-brown  mesh-work,  together  with  some  irregular 
detached  patches  of  the  constituent.  This  micrograph  is  dia¬ 
grammatic  to  the  extent  that  where  pieces  of  sulphide  of  iron  had 
dropped  out  during  the  polishing  (leaving  dark  cavities  filled  with 
rouge)  they  have  been  reproduced  as  though  still  in  situ . 

Micrograph  G,  also  unetched,  shows  both  dove-grey  sulphide 
of  manganese  and  pale-brown  sulphide  of  iron  ;  the  latter  is  chiefly 
in  the  meshed  form,  whilst  the  sulphide  of  manganese  is  mainly  in 
detached  patches.  In  the  areas  marked  A  and  B  occur  patches  of 
sulphide  of  manganese  and  sulphide  of  iron  closely  juxtaposed, 
but  quite  distinct. 
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Micrograph  F.  (Unetched.)  Magnified  460  diameters. 

Carbon  .  .  .  0.39  per  cent  Manganese  .  .  .0.10  per  cent 

Silicon  .  .  .  0.34  “  Sulphur  .  .  •  0.42 
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Consideration  of  the  Causes  of  the  Different  Effects 
of  the  Two  Sulphides 

As  has  already  been  pointed  out  by  one  of  us  ( Journal  of  the 
Iron  and  Steel  Institute ,  No  I,  1894,  pp.  107  et  seq.),  the  pale- 
brown  sulphide  of  iron  forms  cell  walls  fusible  at  a  bright-red 
heat,  and  hence  renders  the  mass  hopelessly  red-short.  Also  the 
cell  walls  of  sulphide,  in  solidifying  at  about  950°,  contract  from 
the  cells  of  iron  they  envelop,  and  leave  the  mass  cut  into  pieces 
by  innumerable  cracks.  In  the  paper  above  quoted  it  was  shown 
that  iron  containing  about  1  per  cent  of  sulphur  had  a  tenacity  of 
only  2l/2  tons  per  square  inch,  and  owing  to  contraction  cavities 
a  specific  gravity  of  only  7.69.  On  the  other  hand,  the  steel  of 
Brinell  and  Wahlberg  shows  that  steel  with  0.55  per  cent  of  sul¬ 
phur  in  the  form  of  dove-grey  sulphide  of  manganese  forges 
perfectly  and  gives  good  mechanical  tests.  In  a  paper  on 
Sulphide  of  Iron,  its  Properties  and  Condition  in  Iron,”  Professor 
Le  Chatelier  and  Mr.  Ziegler  ( Bulletin  de  la  Societe  df Encourage¬ 
ment,  September,  1902)  suggest  that  sulphide  of  manganese  segre¬ 
gates  at  a  high  temperature.  There  is  no  reasonable  doubt  as  to 
the  correctness  of  this  view.  The  falling  out  of  this  constituent 
at  a  white  or  yellow  heat  determines  its  segregation  into  globular 
masses  upon  which  the  main  mass  of  the  iron  or  steel  contracts, 
and,  therefore,  instead  of  contraction  fissures,  there  remains 
something  equivalent  to  minute  blow-holes  filled  with  sulphide  of 
manganese.  So  tightly  is  the  sulphide  of  manganese  held  by  the 
contraction  of  the  mass  upon  it  that  it  seldom  falls  out  during  the 
polishing,  like  the  loose  sulphide  of  iron.  It  is,  however,  quite 
evident  that  sulphide  of  manganese  is  fully  plastic  at  a  rolling  heat, 
because  the  relatively  huge,  long  streaks  of  this  constituent:  in 
Brinell’s  steel  show  no  signs  of  cracking  or  splitting. 

Micrograph  H  shows  the  left  half-section  a  transverse  deline¬ 
ation  of  the  structure  of  796.  The  right  half-section  is  the  longi¬ 
tudinal  view,  and  in  it  will  be  noted  a  slight  tendency  of  the  ferrite 
to  elongate  in  the  direction  of  the  rolling.  Compared  with  Brinell’s 
4815  this  steel  looks  micrograph ically  to  contain  about  0.7  per  cent 
of  carbon,  because  the  ferrite  areas  are  relatively  much  smaller, 
and  the  pearlite  is  all  finely  granular.  These  appearances  are  due 
to  facts  to  which  attention  has  been  repeatedly  called  by  one  of  us, 
namely,  that  manganese  powerfully  retards  the  segregation  of 
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Carbon 

Silicon 

Manganese 

Sulphur 


Micrograph 
0.47  per  cent 
0.38  “ 

1.04 

0.02  “ 


H.  Magnified  460  diameters. 

Permanent  Set,  tons  per  square  inch 
Maximum  Stress  “ 

Elongation  per  cent  on  2  inches  . 
Reduction  of  Area  per  cent  . 


\  40.80 

.  52.20 

.  25.00 

•  49-9° 


Carbon 

Silicon 

Manganese 

Sulphur 


rograph 


:ent 


lagnified  460  diameters, 
manent  Set,  tons  per  square 
icimum  Stress, 

ngation  per  cent  on  2  inches 
nf  Area  per  cent  . 


inch 


14.90 

43- 10 
25.00 
42.00 
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ferrite  and  the  lamination  of  pearlite  —  phenomena  accounting  for 
the  relatively  high  tenacity  of  steel  fairly  high  in  manganese,  in 
which  the  hardening  carbon  has,  nevertheless,  changed  to  cement 
carbon.  To  these  causes,  and  not  to  varying  positions  of  the 
change  point,  suggested  by  Mr.  Wahlberg,  are  to  be  attributed 
those  variations  in  hardness  which  he  was  inclined  to  consider  as 
due  to  varying  transformation  temperatures.  It  has  been  ex¬ 
haustively  proved  by  one  of  us  that  the  change  point  in  pure  iron 
and  carbon  steels  is  identical  in  position  in  steels  varying  in  carbon 
from  o.i  to  1.8  per  cent. 

Micrograph  I  shows  the  remarkable  change  in  micrographic 
structure  from  Micrograph  H  brought  about  by  very  slowly  cool¬ 
ing  another  sample  of  steel  796.  Such  micrographic  change  amply 
accounts  for  the  great  difference  in  the  mechanical  properties  of 
this  steel  before  and  after  annealing.  The  left  half-section  was 
taken  transversely,  the  right  half-section  longitudinally.  It  will 
be  seen  that  the  ferrite  and  pearlite  are  now  in  their  normal  pro¬ 
portions  for  a  0.46  per  cent  carbon  steel,  and  that  the  pearlite 
areas  are  here  and  there  distinctly  laminated.  The  longitudinal 
section  exhibits  the  remarkable  phenomenon  first  described  by  one 
of  us  (in  a  lecture  on  Steel  Rails  delivered  before  the  Sheffield 
Society  of  Engineers  and  Metallurgists,  on  March  25,  1901), 
namely,  that  the  ferrite  has  crystallized  in  relatively  huge  laminae 
along  stress  lines  set  up  by  the  operation  of  rolling,  which  lines 
have  survived  the  operation  of  drastic  annealing.  This  fact  was 
confirmed  by  Mr.  S.  A.  Houghton, -in  a  lecture  delivered  by  him 
before  the  Institution  of  Marine  Engineers,  in  April,  1902. 


Summary 

The  results  of  the  authors’  investigations  show: 

1.  That  sulphide  of  iron  is  deadly  in  its  effect  upon  steel, 
whilst  sulphide  of  manganese  is  comparativelv  harmless. 

2.  That  the  above  facts  are  due  to  the  fusibilitv,  the  high  con¬ 
traction  coefficient,  and  the  tendency  of  sulphide  of  iron  to  form 
cell  walls  or  enveloping  membranes  surrounding  cells  of  ferrite ; 
w  ^ikt  sulphide  of  manganese  is  much  less  fusible,  segregates 
w  hilst  the  iron  is  at  a  high  temperature,  and  so  collects  into  rough 
globules,  and  very  seldom  iijto  meshes. 
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3  That  manganese  retards  the  segregation  of  iron  and  har- 
denite,  and  that  what  is  called  pearlite  in  a  normally  cooled 
manganese  steel  is  really  a  mixture  of  granular  pearlite  and 
unsegregated  ferrite. 

4  That  the  complete  segregation  of  the  ferrite  in  a  man- 
ganiferous  steel  can  be  brought  about  by  very  slow  cooling,  but 
that  such  annealing  injures  the  mechanical  properties  of  the  steel 
by  lowering  the  maximum  stress  and  the  reduction  of  area  per 
cent  registered  by  the  unannealed  steel. 

Note.  —  The  micrographs  illustrating  this  paper  have  been 
reduced  to  half  size  during  reproduction. 


ELECTRIC  RESISTANCE  OF  STEEL* 

By  H.  Le  CHATELIER 

ESEARCHES  on  the  electric  resistance  of  steels  have  hith- 
R  criTbe.n  principally  carried  on  wi.h  the  aof,  s.cch  nS^ 
for  telegraph  wires.  They  have  proven  that  the  difference  in 
resistance  between  two  samples  depends  almost  exc  usive  v 

the  relative  proportion  of  manganese. 

I  have  thought  that  it  would  be  of  value  to  study  more  sys¬ 
tematically  the  influence  of  the  different  bodies  which  may  be 

found  in  steels,  especially  that  of  carbon.  .  • 

I  have  used  for  this  purpose  bars  l  square  centimeter 
section  and  ao  centimeters  long.  They  were  heated  for  several 
hours  at  about  6oo°  C.  Their  chemical  composition  has  been 
determined  at  the  School  of  Mines  by  Messrs.  Moutonet  and 
Goutal.  The  numbers  in  the  following  tables  express  speci  ic 
resistances  (cubic  microhm-centimeter)  : 

Influence  of  Carbon. 


Carbon 

0.06 

0.20 

0.49 

0.84 
1. 21 
1.40 
1.61 


Manganese 

0.13 

0.15 

0.24 

0.24 

0.21 

0.14 

0.13 


Silicon 

0.05 

0.08 

0.05 

0.13 

0.1 1 
0.09 
0.08 


T~Comptcs  Retidus  Academic  dcs  Sciences.— Translated  in  American 
Manufactures ,  February  12,  1903. 
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The  electrical  resistance  grows  therefore  very  decidedly  with 
the  percentage  of  carbon ;  its  increase  is  on  an  average  7  microhms 
for  1  per  cent  of  carbon  in  weight  or  1.5  microhm  for  1  per  cent 
of  carbon  atom  in  100  atoms  of  iron  and  carbon. 

Annealed  steels  consist  of  interlaced  scales  of  ferrite  (pure 
iron)  and  cementite  (iron  carbide  Fe3C).  By  extrapolation  of  the 
preceding  results,  we  find  for  the  resistance  of  these  two  con¬ 
stituents  considered  alone :  ferrite,  9.5 ;  cementite,  4.5. 


Influence  of  Silicon. 


Composition 

Resistance 

C. 

Si. 

12.5 

0.2 

O.I 

38.5 

0.2 

2.6 

15.8 

0.8 

O.I 

26.5 

0.8 

0.7 

33-5 

0.8 

*•3 

17.8 

1.0 

O.I 

25*5 

1.0 

0.6 

32.0 

1.0 

1. 1 

These  numbers  show  on  an  average  an  increase  of  14  mi¬ 
crohms  for  1  per  cent  of  silicon  in  weight,  or  7  microhms  for  1 
atom  of  silicon  in  100  atoms  of  the  alloy;  an  increase  of  resistance 
much  greater  than  for  carbon.  We  are  led,  by  analogy,  with  what 
occurs  in  a  great  number  of  alloys*  to  conclude,  that  in  steels  sili¬ 
con  is  not  isolated  in  the  state  of  definite  silicide  FeSi2,  but  is  found 
in  a  homogeneous  state,  solid  solution  or  isomorphous  mixture, 
like  the  carbon  used  in  tempering. 

Influence  of  Manganese.  —  It  is  well  known  that  manganese 
considerably  increases  the  resistance  of  steels.  This  metal,  iso- 
morphous  with  iron,  forms  with  it  homogeneous  mixtures  in 
every  proportion.  But  these  mixtures  can  exist  under  two  allo- 
tropic  conditions  which  are  unequally  magnetic,  both  possessing 
different  electric  resistances,  as  I  have  already  shown  in  regard 
to  the  manganese  steel  of  Mr.  Hadfield  with  13  per  cent  of  man¬ 
ganese. 


Resistance 

17.8 

22 

24.5 

40 

66  magnetic 
80  non-magnetic 


C. 

Composition 

Mn. 

Si. 

0.9 

0.24 

O.I 

0.9 

0.95 

O.I 

1.2 

0.83 

0.2 

1.2 

1.8 

0.9 

1 

13- 

o-3 

Electric  Resistance  of  Steel 
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These  numbers  in  general  show  an  increase  of  resistance  of 
about  5  microhms  for  1  per  cent  in  weight  or  in  atoms  of  man¬ 
ganese.  For  magnetic  manganese  steel  obtained  by  reheating  non¬ 
magnetic  steel  for  two  hours  at  550°,  this  increase  of  resistance 

is  no  more  than  3.5  microhms. 

Influence  of  Nickel.  —  Nickel,  which  forms  an  isomorphous 
mixture  with  iron,  increases  the  electric  resistance  of  the  latter 
considerably,  but  these  steels,  as  I  have  shown  previously,  present, 
like  manganese  steel,  two  varieties,  unequally  magnetic  and  at  t  e 
same  time  unequally  resistant.  The  increase  or  resistance  is  ex¬ 
tremely  variable  with  the  proportion  of  nickel  or  with  that  of  car¬ 
bon,  and  with  the  allotropic  state  of  the  alloy.  For  quantities  of 
nickel  of  less  than  5  per  cent,  this  increase  has  varied  from  3  to 
7  microhms. 

Influence  of  Chromium,  Tungsten  and  Molybdenum.—  ihe 
influence  of  these  bodies  on  the  increase  of  resistance  of  steels  is 
very  slight.  It  cannot  be  measured  exactly  for  the  percentages  less 
than  3  per  cent,  which  are  the  only  ones  I  have  studied.  The  con¬ 
stant  presence  of  silicon  and  managanese  causes,  with  percentages 
generally  less  than  0.5  per  cent,  an  equal  and  even  greater  increase 
of  resistance  than  that  resulting  from  the  presence  of  10  times 
larger  quantities  of  the  three  metals  in  question.  The  slight  in¬ 
fluence  of  these  metals  on  the  electric  resistance  of  steels  leads 
me  to  think  that  they  are  isolated  within  the  metal  in  the  state  of 
definite  combination. 

This  conclusion  agrees  with  the  results  obtained  by  Mr. 
Carnot  in  the  chemical  study  of  steels  of  the  same  nature. 
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STEEL  CASTINGS  AND  THEIR  TREATMENT  * 

By  W.  M.  CARR 

THE  art  of  producing  steel  castings  may. be  divided  into  three 
heads :  i.  The  making  or  refining  of  the  metal ;  2.  the  prep¬ 
aration  of  the  molds  and  the  casting  therein  of  the  metal ;  3.  the 
final  treatment  of  the  finished  casting.  In  ordinary  practice  the 
operations  under  the  first  and  second  heads  receive  the  best  care 
and  attention  in  the  hands  of  the  manipulators  so  that  the  casting 
shall  be  of  a  given  composition  and  of  a  solidity  and  trueness  to 
pattern  which  those  concerned  consider  about  all  that  can  be  ex¬ 
pected.  The  final  treatment  of  the  finished  casting,  it  is  to  be 
regretted,  is  often  ignored,  or  when  observed  much  misunderstood 
by  many  manufacturers. 

By  the  third  step  is  meant  a  certain  form  of  heat  treatment 
usually  termed  annealing.  Even  though  the  first  and  second  steps 
be  conducted  skillfully,  the  good  work  accomplished  can  be  de¬ 
stroyed  by  failure  to  anneal  properly  or  by  not  annealing  at  all. 
Let  a  steel  casting  be  sent  out  by  any  manufacturer  without  due 
observance  of  a  suitable  heat  treatment,  he  yet  has  no  assurance 
that  in  regard  to  its  physical  properties  or  its  ability  to  meet  the 
requirements  expected  of  it  in  service,  it  is  in  the  best  condition  to 
give  satisfaction. 

A  large  percentage  of  failures  due  to  brittleness  can  be  readily 
traced  to  a  definite  cause.  Brittleness  is  always  accompanied  by  a 
large  coarsely  crystalline  structure  when  normal  in  composition. 

’  UC  1  a  structure  is  purely  the  result  of  a  thermal  condition  at  some 
stage  of  the  manufacture.  When  a  steel  casting  is  desired  for 
any  purpose  there  always  goes  with  it  a  thought  of  stability,  of 
s  ren^t  ,  en  urance  a  resistance  to  wear  not  known  to  the  same 
jT *  “  a/ray  iron  casting.  Yet  how  often  do  steel  castings 
1  n  f i°k  °  r^UC  an  ^ea^  condition.  To  be  ideal  the  casting 
withsta  t  ?  1 1'  t  1C  mcta^  s*lou^  be  of  sufficient  toughness  to 
deeree  f  \10C  ’  u  °  °^ler  worc*s  lt  should  possess  the  maximum 
degree  of  strength  combined  with  the  maximum  degree  of  due 

creases  1”  H  n°!  a  rule  that  as  the  strength  in‘ 

mercial  cast  steel!  *  ™  CCreaSe’  at  kaSt  “  dealing  with  com‘ 

*  The  Foundry ,  September  1902. 
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In  a  great  measure  the  composition  and  mode  of  manufacture 
will  determine  the  ultimate  strength,  but  the  maximum  ductility 
or  toughness  will  depend  upon  the  final  heat  treatment.  An  at¬ 
tempt  to  combine  the  ideal  qualities  and  ignoring  or  imperfectly 
conducting  the  heat  treatment  will  produce  a  metal  which  will  be 
nothing  other  than  a  low-grade  cast  iron.  Pot-metal  would  better 
express  it,  when  it  is  possible  easily  to  snap  a  hard,  unannealed 
casting  by  a  blow  from  a  hand  hammer.  Failing  to  secure  such 
qualities  the  maker  has  turned  to  softness  resulting  in  a  low  com¬ 
position  chemically.  The  aim  was  to  confer  ductility,  but  sight 
was  lost  of  the  prime  feature  of  a  steel  casting,  i.e.,  strength.  A 
casting  so  made  may  machine  easily,  but  its  wearing  properties 
will  be  little  better  than  those  of  its  half-brother,  wrought  iron. 
A  coupon  cut  from  such  a  casting  unannealed  may  show  consider¬ 
able  elongation  and  contraction  of  area,  but  this  is  no  argument 
against  annealing  any  or  all  steel  castings,  though  such  evidence 
of  ductility  is  often  so  used.  It  is  true  soft  castings  are  frequently 
unannealed,  but  the  writer  contends  that  if  softness  or  ductility 
is  desirable,  the  maximum  percentages  of  elongation  and  contrac¬ 
tion  of  area,  indices  of  ductility  in  any  case,  can  only  be  gained 
by  careful  heat  treatment.  The  fact  of  castings  failing  after  an¬ 
nealing  when  used  as  an  argument  against  such  treatment  will  not 
hold  in  the  light  of  advanced  methods  of  heat  treatment  when 
aided  by  pyrometry  and  microscopy. 

In  many  cases  failures  can  be  traced  to  improper  treatment 
in  annealing.  Hence  such  a  process  requires  some  study,  as  does 
the  art  of  melting  or  molding.  It  may  be  said  that  the  three  steps 
as  previously  outlined  are  one  as  important  as  the  other,  to  com¬ 
bine  the  best  results  in  a  finished  steel  casting ;  consequently  those 
who  oppose  annealing  had  better  be  sure  of  their  ground  in  dis¬ 
cussion  of  the  question. 

Let  a  case  of  failure  in  the  steel  casting  be  analyzed.  It  is 
assumed  that  the  casting  is  returned  broken  after  a  comparatively 
short  time  in  service.  The  fracture  gives  no  evidence  of  blow¬ 
holes.  It  is  a  clean  break ;  that  is,  has  the  characteristic  metallic 
color  in  the  absence  of  scale  or  oxidation  (not  rust).  Then  the 
failure  is  plainly  not  due  to  a  hot  or  shrinkage  crack.  The  next 
step,  then,  is  to  make  a  chemical  examination  of  borings  taken 
near  the  point  of  fracture.  The  subsequent  analysis  shows  nothing 
in  excess  which  might  cause  brittleness ;  that  is,  the  metalloids  are 
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within  established  limits.  No  light  so  far  an  example  of  the 
limitation  of  a  chemical  analysis.  Let  the  examination  of  a  frac¬ 
ture  be  carried  on  a  little  more  closely.  The  grain  of  the  metal 
to  the  eye  is  large  and  glassy.  The  casting  is  not  disturbed,  hence 
the  metal  is  brittle  and  must  have  been  subjected  to  either  a  steady 
pull  beyond  its  ultimate  strength  or  has  been  given  a  heavy  blow. 
Such  evidence  points  to  the  lack  of  proper  heat  treatment,  and  a 
subsequent  microscopical  examination  of  the  fracture  as  described 
will  show  how  the  metal  was  treated  after  casting;  whether  not 
annealed  or  improperly  annealed.  The  remedy  in  such  a  case,  or 
rather  the  prevention  of  a  recurrence,  necessarily  entails  a  study 
of  the  distinct  relations  between  the  physical  properties,  structure 
and  heat  treatment. 

The  theory  of  a  growth  in  the  crystalline  structure  of  a  steel 
casting  caused  by  continued  vibration  leading  up  to  a  rupture  does 
not  hold,  since  it  is  now  known  that  the  size  and  arrangement  of 
the  crystals  is  purely  a  function  of  temperature  and  rate  of  cooling 
between  the  melting  point  of  steel  and  its  critical  range  —  a  range 
several  hundred  degrees  above  atmospheric  temperature. 

As  a  rule  steel  castings  are  made  from  open-hearth  metal, 
some  preferring  the  acid  steel  to  the  basic.  However,  first-class 
castings  can  be  made  by  the  basic  process  as  readily  as  by  the  acid. 
The  point  is  this :  It  cannot  be  said  that  one  rule  of  practice  will 
apply  to  all.  Some  acid  steel  makers  claim  annealing  is  not  neces¬ 
sary.  The  same  argument  is  advanced  by  the  users  of  basic  steel. 
But  to  produce  first-class  castings  of  any  variety  made  by  any 
process,  first  establish  a  composition  calculated  to  meet  the  re¬ 
quirements  or  purpose  of  the  purchaser.  Then  as  a  protection  to 
him,  as  a  bulwark  to  the  growth,  reputation,  future  and  establish¬ 
ment  of  the  steel-casting  industry,  study  the  heat  treatment  in  con¬ 
junction  with  the  preliminary  stages  of  manufacture.  Then  the 
finished  casting  made  by  such  methods  will  be  in  the  best  possible 
physical  condition  when  leaving  the  hands  of  the  manufacturer. 
Otherwise  the  making  of  steel  castings  is  but  a  leap  in  the  dark. 

In  conclusion,  a  tabulation  of  physical  tests  of  castings  made 
in  every-day  operations  is  herewith  embodied.  Attention  is  called 
to  the  high  tensile  strength  and  the  high  percentages  of  the  elonga¬ 
tion  and  reduction  of  area  in  annealed  specimens,  an  unusual  feat¬ 
ure  in  unforged  steel.  There  is  also  given  the  Standard  Specifica¬ 
tions  for  steel  castings  as  adopted  by  the  American  Section  of  the 
International  Association  for  Testing  Materials. 
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Steel  for  Casting 


C.,  0.27,  Man.  0.85,  Si.,  0.35,  S.,  0.020,  Phos.,  0.025. 

Physical  Tests 


Tensile 

Elonga¬ 

Reduction 

Strength 

tion,  % 

of  Area,  % 

84,645 

11.7 

12.2 

71,230 

15.6 

*3*3 

h  Raw. 

88,126 

x9-5 

231 

77,540 

6.25 

—  J 

92,465 

24.2 

38.3  ] 

| 

78,506 

27.4 

32.5 

>  Annealed. 

69,595 

32.0 

42.2 

74,505 

25.0 

48.8 

1 

71,830 

11.0 

14.6 

l 

66,803 

86,340 

10.9 

18.8 

11.4 

22.0 

-  Improperly  Annealed. 

92,7M 

18.7 

x3*4 

1 

As  a  knowledge  of  heat  treatment  grows  there  will  be  a  cor¬ 
responding  increase  in  the  percentages  of  elongation  and  reduction 
of  area  over  those  given  in  the  present  standard  specifications. 


Standard  Specifications  for  Steel  Castings 

Adopted  by  the  American  Section  of  the  International  As¬ 
sociation  for  Testing  Materials. 

Tensile  Elonga-  Reduction 

Strength  tion,  %  of  Area,  % 


Hard  Castings .  85-°°°  >5  20 

Medium .  70,ooo  18  25 

Soft .  60.°°°  22  30 
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THE  PREPARATION  OF  SAMPLES  FOR  MICROSCOPIC 
ANALYSIS  AS  FOLLOWED  BY  THE  WESTINGHOUSE 
ELECTRIC  AND  MANUFACTURING  COMPANY  * 


By  W.  J.  BECK 


A  HE  principal  work  done  in  the  microscopic  study  of  metal 


1  has  been  with  low  carbon  sheet  steel  (used  for  electrical 
purposes),  although  some  attention  has  been  given  to  cast  iron, 
cast  steel,  cold  rolled  steel,  and  alloys  of  babbit  and  brasses. 

In  preparing  a  sample  for  a  photograph,  three  distinct  opera¬ 
tions  are  followed. 

First.  —  Cutting  and  shaping  of  the  sample. 

Second.  —  The  polishing  and  etching  of  the  surface  to  be 
photographed. 

Third.  —  Microscopical  examination  and  photographing. 

Cutting  and  Shaping  of  the  Sample.  —  In  the  case  of  sheet 
steel  analysis,  the  sheet  of  a  known  heat  or  lot  is  selected,  and 
strips  of  approximately  y X  i"  are  cut  from  the  various  parts  of 
the  sheet,  and  each  is  recorded,  and  at  once  stamped  with  a  serial 
number.  After  having  selected  several  samples,  they  are  taken, 
one  by  one,  and  mounted  on  a  small  holder.  This  holder  consists 
of  a  block  of  hardened  steel  X  Y\"  X  Vi'  with  perfectly  squared 
sides.  Over  this  is  a  small  frame  with  internal  dimensions 

X  lA"  X  Vio”>  a°d  provided  with  small  thumbscrews  for  fas¬ 
tening  the  samples  when  in  position.  In  forming  the  sample  on 
the  holder,  it  is  first  clamped  in  the  vise  between  the  holder,  and 
a  second  piece  of  hard  steel  in  order  to  obtain  a  smooth  surface 
for  polishing.  It  is  then  bent  down  on  the  sides  of  the  holder 
forming  a  U-shaped  piece  or  sample.  It  is  then  removed  from 
the  vise,  and  a  clamp  put  on,  holding  the  sample  in  position  with 
the  thumbscrews.  This  gives  a  perfectly  flat  surface  on  top  and 
bottom  of  the  holder,  and  the  sample  need  not  be  removed  for 
examination  under  the  microscope  during  the  process  of  polishing 
and  photographing. 

Polishing  and  Etching  of  the  Samples.  —  The  apparatus 
used  for  polishing  samples  of  metal  is  similar  to  the  apparatus 
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described  by  Mr.  Albert  Sauveur  in  The  M etallo, graphist  of  Oc¬ 
tober  1901!  [This  polishing  machine  consists  of  four  polishing 
wheels  mounted  on  a  horizontal  shaft  and  revolving  in  a  vertical 
plane.  The  first  wheel  is  a  solid  fine-grain  emefy,  approximately 
8"  in  diameter.  The  second  is  a  metal  disc  covered  with  coarse 
canvass  coated  with  an  emery  paste.  The  third  and  fourth  are 
made  up  of  a  wood  block,  the  third  being  covered  with  a  good 
quality  of  billiard  cloth,  and  coated  with  a  white  paste,  consisting 
principally  of  tripoli  and  soap.  The  fourth  is  covered  with  a 
heavy  broadcloth,  for  which  is  used  a  paste  made  of  jewelers 
rouge.  An  average  of  twenty  samples  have  already  been  pre¬ 
pared  without  renewing  the  cloth  on  the  wheel,  which  can  be  done 
in  a  very  short  time.] 

Having  mounted  the  sample  on  the  holder,  it  is  not  neces¬ 
sary  to  do  any  filing  on  the  surface  to  be  polished,  there  being 
but  a  thin  coat  of  oxide  on  the  surface  which  can  be  easily  re¬ 
moved  with  the  emery  wheel,  thus  giving  a  more  true  surface  than 
•  that  obtained  by  means  of  a  file  or  by  hand  on  emery  cloth. 

When  applying  the  sample  to  the  emery  wheel,  care  is  taken 
not  to  hold  too  long  in  one  position,  but  gradually  to  keep  chang¬ 
ing  to  avoid  cutting  deep  furrows  in  the  surface.  One  or  two 
slight  touches  of  the  sample  on  the  emery  wheel  are  generally  suf¬ 
ficient  to  remove  the  scale  or  oxide.  It  is  then  passed  to  the  sec¬ 
ond  wheel,  and  the  heavy  scratches  removed  with  the  emery  paste. 
The  sample  is  then  washed  thoroughly  and  passed  to  the  third 
wheel.  In  most  cases,  and  for  ordinary  examinations  of  the  sam¬ 
ple,  a  sufficiently  good  surface  is  obtained  from  this  wheel.  If, 
however,  photographs  are  to  be  taken,  the  sample  is  again  thor¬ 
oughly  washed,  then  applied  to  the  fourth  wheel  on  which  a  paste 
made  of  jeweler’s  rouge  is  used  with  an  abundant  supply  of 
water,  in  order  that  the  rouge  does  not  become  hard  and  scratch 
the  surface. 

The  Etching  of  the  Sample.  —  The  method  followed  in  etch¬ 
ing  a  soft  steel  sample  is  one  in  which  it  is  possible  to  carry  on  the 
etching  of  several  samples  at  one  time.  Various  methods  have 
been  tried,  but  the  results  as  thus  far  obtained  have  been  with  the 
use  of  a  solution  of  diluted  nitric  acid.  The  strength  of  this  solu¬ 
tion  is  approximately  one  part  nitric  acid  and  twenty  parts  water. 
The  time  required  to  give  a  properly  etched  surface  varies  from 
Y*  to  3  minutes,  depending  upon  the  hardness  of  the  steel. 


322 


The  Metallographist 


Microscopic  Examination  and  Photographing  of  the  Samples. 
—  The  apparatus  used  for  the  examination,  and  photographing  of 
the  samples  is  a  Bausch  &  Lomb  microscope  with  camera  attach¬ 
ment,  and  fitted  with  apochromatic  objectives  with  compensated 
eye  pieces  and  a  mechanical  stage. 

The  light  used  is  from  a  D.  C.  arc  lamp,  automatically  fed, 
and  fitted  with  condensers  and  cooling  cells,  giving  parallel  rays 
which  are  concentrated  by  bull's-eye  through  a  ray  filter,  and 
then  thrown  on  the  illuminator  of  the  microscope. 

In  the  study  of  the  structure  of  the  metal,  the  image  is  gen¬ 
erally  thrown  on  a  screen,  which  makes  it  much  easier  to  select  the 
part  desired  for  the  photograph,  and  less  tiresome  to  the  eyes. 
Having  selected  the  section  to  be  photographed,  the  plate  is  ex¬ 
posed  from  one  to  three  seconds,  depending  upon  the  surface  of 
the  sample,  and  quantity  of  light  admitted.  By  the  use  of  the  ray 
filter,  much  more  satisfactory  results  have  been  obtained,  and  it 
is  thought  that  in  this  way  less  expensive  objectives  may  be 
used  with  very  good  results.  All  photographs  are  taken  at 
about  80  diameters  for  convenience  in  comparison  of  the  structure. 


TESTS  ON  FINISHING  AND  ANNEALING  HEATS  * 


By  F.  C.  LAU 


HE  experiments  herein  set  forth  are  not  laboratory  ex- 


1  periments,  but  experiments  conducted  along  the  regular 
line  of  shop  practice,  and  the  deductions  have  been  drawn  from 
the  work  performed  by  many  tools,  covering  a  period  of  nearly 
two  years. 

The  question  which  prompted  the  investigation  was,  why  the 
life  of  tools  should  vary  to  a  considerable  extent,  all  doing  the 
same  class  of  work,  as  in  the  case  of  a  set  of  punches.  Feeling 
satisfied  after  examining  many  of  the  shoVt-lived  punches  that  the 
cause  was  not  due  to  improper  hardening,  I  turned  my  attention 
to  the  annealed  structure.  Bars  were  selected  of  different  struc¬ 
tures  from  a  fine  to  a  coarse  grain. 


*  Sparks  from  the  Anvil,  October,  1902. 
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After  the  punches  had  been  finished,  except  hardening,  they 
were  polished  and  etched,  examined  under  the  microscope,  and 
graded  according  to  their  structure.  Each  punch  was  numbered 
for  the  purpose  of  keeping  a  complete  record.  Frequently  I  found 
it  necessary  to  divide  a  single  six  or  seven-foot  bar  into  three  or 
four  structural  grades.  It  appears  that  the  differences  in  structure 
in  the  same  bar  are  due  to  the  working  heats,  rather  than  to  the 
.  annealing. 

The  fatigue  test  under  heavy  duty  in  punching  is  no  doubt 
the  most  reliable  test  to  which  the  hardened  structure  can  be 


Fig.  1. 

per  cent.  Properly  annealed.  Polished 
0n  a  plain  surface.  Magnified  1 ,000  diameters. 


Fig.  2. 

C  1.50  per  cent.  Hardened  from  ACi.  Polished 
on  a  plain  surface.  Magnified  1,000  diameters. 


subjected;  the  results  remain  constant  as  long  as  the  structural 
grade  remains  the  same. 

Three  thousand  one  hundred  and  sixty-two  punches  have  been 
subjected  to  the  test  in  the  regular  line  of  work.  Punches  of 
three  or  four  structural  grades  were  arranged  alternately  in  each 
set,  in  order  to  get  a  fair  test,  and  in  every  test  it  was  found 
that  the  annealed  structure,  as  shown  in  photomicrograph  Fig.  1, 
and*  the  hardened  structure,  as  exhibited  in  Fig.  2,  gave  the  best 
results. 

Four  sets  of  like  structure  were  tested  separately  upon  the 
same  class  of  work  with  uniform  results,  hence  I  have  called  the 
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work  done  by  such  structure  ioo,  and  used  that  as  a  base  for 
calculating  the  work  of  the  other  structures.  It  might  be  stated 
here  that  all  structures  were  hardened  from  Acx  and  the  temper 
was  drawn  to  the  lowest  point  where  the  resistance  to  impact 
remained  perfect.  If  a  higher  heat  is  used  in  hardening,  or  the 
punch  left  too  hard,  the  percentage  of  work  done  will  fall  below 
that  of  the  Act  hardening,  etc. 

Fig.  3  reveals  the  structure  of  a  steel  annealed  from  900°  C. 
Upon  a  closer  inspection  we  notice  that  parts  of  three  crystals  are 


Fig.  3- 

C  I.i4~per  cent.  Annealed  from  900  degrees  C. 
Magnified  1,000  diameters. 


Fig-  4- 

C  1.39  per  cent.  Hardened  from  ACi.  Combined 
polished  and  etched  with  sodium  chloride;  this 
method  only  develops  the  cementite. 
Magnified  1,500  diameters. 


shown,  with  a  wall  of  cementite  between  them.  The  work  done 
by  this  structure  fell  16  per  cent  short  of  that  of  Fig.  1.  Tests 
were  also  made  of  annealings  from  750°,  8oo°  and  850°  C.  The 
results  revealed  the  fact  that  for  every  50°  added  above  700°  C. 
there  is  a  loss  of  4  per  cent  in  work  performed. 

Fig.  4  shows  the  structure  of  a  bar  where  the  finishing  heat 
was  too  high  for  the  amount  of  work.  The  work  done  upon  the 
bar  affected  the  structure  to  a  depth  of  about  2^4  mm.,  leaving 
the  interior  a  large  crystalline  structure  with  the  cementite  en¬ 
veloping  each  crystal,  “a  source  of  weakness.”  Its  loss  was  3 


Tests  on  Finishing  and  Annealing  Heats  325 

per  cent  from  the  standard,  and  had  it  not  been  for  the  perimel 
structure  which  was  equal  to  that  of  Fig.  2,  its  loss  would  no 
doubt  have  fallen  to  at  least  15  per  cent ;  thus  we  see  how  important 
it  is  to  have  a  uniform  structure  throughout. 

There  are  three  points  which  have  their  influence  upon  the 
life  of  a  tool : 

A.  The  finishing  temperature. 

B.  The  annealing. 

C.  The  hardening. 

The  amount  of  work  to  be  done  upon  a  bar  should  govern 
the  finishing  temperature. 

It  is  a  well-known  fact  that  at  a  high  heat,  carbon,  phosphorus, 
and  sulphur  become  mobile  and  will  segregate  in  large  patches 
which  become  a  source  of  weakness,  and  for  this  reason  the  work 
should  be  heavy  enough  to  check  and  break  up  the  segregation, 
and  also  for  the  purpose  of  retaining  a  uniform  structure  through¬ 
out  the  mass.  It  must  also  be  remembered  that  the  higher  the 
heat  the  larger  the  crystals,  unless  they  are  checked  in  their 
growth  by  the  work  upon  the  bar. 

Not  enough  attention  is  paid  to  the  finishing  temperature.  It 
is  taken  for  granted  that  annealing  will  correct  the  error  made 
in  the  finishing  heat.  All  experiments  fail  to  support  the  theory. 
Again,  as  in  the  case  of  milling  cutters,  lathe  and  planer  tools, 
here  the  results  fall  20  per  cent  below  the  standard,  or  in  other 
words,  a  tool  made  from  a  bar  whose  structure  is  represented  by 
Fig.  1  and  Fig.  2  will  do  20  per  cent  more  work  than  a  tool  with 
a  structure  as  shown  in  Figs.  3  and  4. 

In  the  case  of  milling  cutters  all  experiments  point  to  the 
fact  that  such  tools  should  be  made  from  blanks  made  for  that 
purpose,  and  not  cut  from  large  bars.  The  blanks  present  a 
uniform  structure  while  the  bars  do  not,  unless  the  blank  from 
the  bar  has  been  properly  worked  before  being  made  up. 

Annealing.  —  By  the  term  annealing  it  should  not  be  under¬ 
stood  to  mean  that  the  steel  must  be  subjected  to  a  white  heat  or 
to  a  soaking  heat  of  two  or  three  hours  and  then  slowly  cooled. 
Many  valuable  tools  have  their  values  cut  as  high  as  20  per  cent 
in  this  operation,  and  when  the  tool  fails  to  hold  a  cutting  edge, 
and  “  flakes  out  here  and  there,”  notwithstanding  the  fact  that 
it  has  been  properly  hardened,  it  is  finally  returned  to  the  steel 
maker  with  a  note  that  the  steel  is  “  no  good.”  Can  we  expect 
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good  results  from  a  tool  whose  structure  is  equal  to  that  of  Fig. 
4  and  5  ? 

Fig.  5  illustrates  the  structure  of  a  tool  which  received  a 
soaking,  annealing  heat  at  about  800 0  C.  Its  work  fell  n  per  cent 
short  of  the  standard.  Here  we  notice  the  segregation  of  cementite 
due  to  the  long  heating.  Such  a  structure  will  not  hold  a  fine 
cutting  edge,  but  will  flake  out. 

The  annealing  heat  should  never  exceed  the  Acx  point,  or  in 
other  words,  the  proper  “  hardening  heat.” 


Fig.  5* 

C  1.39  per  cent.  Annealed.  Soaking  heat  and 
then  hardened  from  ACi. 

Magnified  1 50  diameters. 


Fig.  6. 

C  1. 1 5  per  cent.  Properly  annealed.  Combined! 
polished  in  relief  and  etched  with  sodium  nitrateJ 
Magnified  1,000  diameters. 


A  glance  at  Fig.  3  shows  a  laminated  structure  with  the 
pearhte  and  cementite  well  defined.  If  the  heat  had  been  pro¬ 
longed.  the  stnations  of  cementite  would  have  been  much  larger 
and  hence  a  greater  detriment  to  the  steel. 

Figs.  1  and  6  represent  the  annealed  structure  which  gives 
f  rtC:  VfUe,t0  3  T1'  In  these  tW0  've  find  that 

an  ill  de  inod  7"  7^  thus  leavi"S  *e  structure 

an  ,11  def  ned  granular  pearhte  structure,  and  when  such  a  structure 

ditionoTha  d’ 7 1'  Th,?Wn  in  Fig-  2’  we  have  the  con- 
dition  of  hardened  steel.  I  have  purposely  selected  a  higher  carbon 

steel  to  illustrate  the  properly  hardened  structure,  and  for  the 
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purpose  of  showing  that  the  cementite  will  remain  in  a  finely 
divided  state  as  long  as  we  do  not  resort  to  drastic  heat  treatments. 

The  experiments  have  demonstrated  the  fact  that  in  order 
to  get  the  best  possible  results  out  of  the  steel  the  cementite  must 
be  diffused  throughout  the  mass  in  as  finely  divided  a  state  as 
possible,  and  this  can  only  be  accomplished  by  the  use  of  a  proper 
finishing  and  annealing  heat. 

The  experiments  have  been  made  with  the  greatest  care,  and 
I  am  satisfied  that  the  deductions  are  correct  for  pure  carbon  steel. 

Analyses  of  twelve  of  the  pieces  gave  the  following  average 
results,  the  carbons  being  as  stated  under  the  illustrations :  Silicon 
0.106,  phosphorus  0.011,  sulphur  0.009,  manganese  0.20. 


METALLIC  CONDUCTION  AND  THE  CONSTITUTION 
OF  ALLOYS  * * * § 

By  JOHN  ALEXANDER  MATHEWS 

TN  a  paper  recently  presented  by  the  author,  before  the  Iron  and 
1  Steel  Institute,!  this  subject  was  touched  upon  to  a  slight  ex¬ 
tent,  and  it  was  stated  therein  that  “  the  evidence  thus  far,  though 
insufficient,  leads  me  to  hope  that  a  law  will  be  found  connecting 
atomic  concentrations  and  the  specific  conductivities  of  added 
metals  with  the  resulting  change  in  the  conductivity  of  the  principal 
metal.  Before  this  can  be  possible,  more  must  be  learned  about 
the  intermetallic  chemical  relations  of  alloys.”  This  opinion  was 
based  upon  the  recent  work  of  Barrett,  Brown  and  Hadfield,$ 
Le  Chatelier§  and  the  classic  researches  of  Matthiessen,  together 
with  some  recent  measurements  by  myself.  For  the  most  part 
steel  alloys  have  been  studied.  It  was  also  pointed  out  that  a 
study  of  quenched,  rather  than  annealed  materials,  might  be  profit¬ 
able,  for  if  alloys  are  to  be  considered  as  solutions,  it  is  probable 
that  some  atomic  relation  affecting  their  resistivity  exists.  Now 


*  Electrical  World  and  Engineer,  October  4,  1902. 

t  “  A  Comparative  Study  of  Some  Low  Carbon  Steel  Alloys/’  Journal 
Iron  and  Steel  Institute,  No.  I,  1902. 

t  Sci.  Trans.  Royal  Dublin  Soc.,  vii,  p.  67. 

§  Bull.  Soc.  d’ Encouragement,  III,  p.  743* 
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quenching  tends  to  keep  all  the  constituents  of  an  alloy  in  a 
homogeneous  condition,  resembling  that  which  existed  while  the 
alloy  was  molten,  while  annealing,  particularly  of  steels,  promotes 
segregation  of  the  constituents  in  a  way  analogous  to  precipitation 
in  ordinary  solutions.  The  constitution  of  alloys  has  been  very 
fully  discussed  in  two  recent  papers  by  the  author,*  and  the  perusal 
of  either  of  them  by  readers  not  familiar  with  recent  work  upon 
this  subject  may  help  to  make  clear  what  follows. 

Nearly  simultaneously  with  the  presentation  of  my  paper  to 
the  Institute,  there  appeared  in  England  a  later  paper  by  Prof. 
Barrett,!  the  distinguished  physicist,  whose  name  is  associated 
with  the  discovery  of  the  phenomenon  of  recalescence  in  steel,  and 
one  in  Germany,  by  Mr.  Carl  Benedicks,!  both  of  which  tend  to 
confirm  in  part  the  opinion  quoted  at  the  beginning  of  this  article. 
At  the  same  time,  however,  they  lead  to  the  conclusion  that  it  is 
not  a  new  law,  but  the  extension  of  an  old  law  to  a  field  in  which 
it  was  not  known  or  supposed  to  apply  —  the  law  of  Mendelejeff 
and  Newlands  that  “  the  properties  of  the  elements  are  a  periodic 
function  of  their  atomic  weights.” 

It  will  be  remembered  that  in  studying  the  effect  of  various 
elements  on  gold,  Roberts-Austen§  found  that  the  mechanical 
properties  of  that  metal  were,  in  general,  changed  in  a  manner 
proportional  to  the  atomic  volumes  of  the  added  element.  The 
larger  the  atomic  volume,  the  more  deleterious  was  its  effect  upon 
gold.  This  law  only  applies  to  small  percentages  of  added  im¬ 
purities,  i.e.,  to  those  which  may  be  supposed  to  yield  a  single  solid 
solution,  and  its  general  applicability  is  further  interfered  with  by 
the  individual  chemical  behavior  of  the  added  metal  toward  the 
principal  metal.  The  formation  of  a  definite  intermetallic  com¬ 
pound  by  the  two  metals  would  naturally  produce  a  different  effect 
than  a  simple  solution  of  one  metal  in  the  other,  but  such  a  con¬ 
dition  in  no  way  invalidates  the  law,  for  it  was  only  supposed  by 
its  discoverer,  Sir  William  Roberts- Austen,  to  apply  to  dilute,  solid 
solutions.  Osmond’s  work  seems  to  show  that  the  influence  of 
elements  on  iron  is  in  accordance  with  the  periodic  law.  The 


~  Alloys  as  Solutions/’  The  Mineral  Industry,  vol.  X,  or  “Upon 
the  Constitution  of  Binary  Alloys.”  /.  Frank.  Inst.,  Jan.-March,  1902. 
t  Proc.  Royal  Soc.,  LXIX,  p.  480. 

t  Zettschrift  filr  physikalische  Chemie ,  1902,  vol.  40,  p.  545. 

§  Phil.  Trans,  of  the  Royal  Soc.,  CLXXIX,  p.  339/ 
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close  relation  between  the  periodic  law  and  Roberts-Austen’s  law 
of  atomic  volumes  is  seen  when  we  recall  that  atomic  volume  = 
atomic  weight  -r-  specific  gravity. 

In  Professor  Barrett’s  recent  paper,  he  points  out  a  relation 
existing  between  the  increase  of  electrical  resistivity  in  iron  alloys 
and  the  specific  heat  of  the  added  element.  But  the  specific  heat 
multiplied  by  the  atomic  weight,  in  most  cases,  gives  a  constant; 
hence,  the  increased  resistivity  is  as  closely  related  to  one  as  to 
the  other.  The  alloys  studied  by  Prof.  Barrett  were  the  very  ex¬ 
cellent  series  prepared  by  Hadfield,  and  included  a  large  number 
of  alloys  of  many  elements  with  iron.  In  their  earlier  paper  on 
the  conductivity  of  these  alloys,  Messrs.  Barrett,  Brown  and  Had¬ 
field  state  that  “  an  approximate  estimate  of  the  quantity  of  carbon 
in  any  specimen  of  carbon-steel  might  be  quickly  obtained  by  a 
determination  of  the  electrical  conductivity  of  the  particular 
sample,  provided  that  the  other  constituents,  especially  silicon  and 
manganese,  were  practically  uniform  throughout  the  specimens. 
On  the  other  hand,  from  the  electrical  conductivity  of  samples  of 
steel,  in  which  the  percentage  of  carbon  only  is  known,  we  can 
infer  the  purity  or  otherwise  of  the  samples.”  This  very  interest¬ 
ing  observation  might  often  be  applied  advantageously  in  testing 
materials. 

In  discussing  the  relation  between  conductivity  and  specific 
heat,  Professor  Barrett  says:  “From  the  conductivities  of  the 
specimens  their  specific  resistances  were  calculated;  these  were 
plotted  against  the  percentages  of  the  added  element.  A  series 
of  fairly  smooth  curves  were  thus  obtained  for  each  alloy.”  There 
is  obviously  no  connection  between  the  curves  thus  obtained  and 
the  conductivities  of  the  added  metal  — for  example,  aluminum 
produced  the  greatest  effect  and  tungsten  the  least ;  and  aluminum, 
which  is  a  better  conductor  than  nickel,  produces  a  greater  increase 
in  resistance  than  nickel.  Neither  is  there  any  connection  —  as 
Professor  Barrett  observes  — between  physical  hardness  and  the 
conductivity;  the  hard  manganese  and  tungsten  steels  are  better 
than  the  soft  silicon  and  aluminum  steels  for  equal  percentages 
of  impurity.  The  following  table,  from  his  paper,  shows  the  ap¬ 
proximate  increase  in  resistance  (in  microhms  per  cubic  c.c.  at 
180  C.)  of  annealed  iron  by  adding  to  it  the  metals  named  in  the 
first  column  of  the  table : 
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Table  I.  —  (Barrett) 

Per  cent  of  Added  Metal 

Alloys  of  Iron  with :  2.  3. 


Tungsten .  4.0  5.0 

Nickel . '  7.0  9.0 

Chromium . . .  10.0  11.5 

Manganese . .  *  .  16.0  18.0 

Silicon . 26.0  34.0 

Aluminum . 28.0  36.0 


5- 

6.0 

13.0 

14.0 

24.5 

40.0 

54-o 


From  this  table  it  will  be  noticed  that  the  increase  of  resistivity 
decreases  with  each  addition.  In  a  second  table,  Professor  Barrett 
shows  the  approximate  increase  of  resistance  for  one  per  cent 
of  added  metal,  and  compares  this  with  the  specific  heat  of  the 
added  metal.  I  have  modified  this  table  by  the  omission  of  carbon 
and  by  the  introduction  of  more  recent  values  for  the  specific  heats 
of  chromium  and  aluminum,  the  new  values  in  both  cases  agreeing 
more  closely  with  those  required  by  the  law  of  Dulong  and  Pettit. 


Alloy 

Tungsten  . 
Cobalt  .  . 
Nickel  .  . 
Chromium  . 
Manganese  . 
Silicon  .  . 
Aluminum  . 


1  able  II.— (Barrett) 
Inc.  in  Res.  1%. 

•  •  •  2.0 

■  •  •  3-o 

•  •  •  3-5 

:  :  :  J.t 

130 

14.0 


Spec.  Heat. 

0.03S 

0.107 
0.109 
0.121 
0.122 
0.183 
0.227 


Atomic  wt. 
184.0 
59-o 
59.0 
52.0 
56.0 
28.0 
27.0 


It  must  be  recalled  that  in  dealing  with  percentages  as  high 
as  those  of  the  first  table,  we  are  not  sure  that  the  added  metal 
remains  in  solution,  especially  in  the  annealed  samples. 

Some  of  Professor  Barrett’s  curves  are  shown  herewith.  In 

6  f  !afiram  (  1 )  the  added  elements  are  expressed  in  ordinary 

Z™rs’  aS,glVr  by  him  ori8ln»By-  The  second  diagram 
calcuHt  ^  ?  °f  repl°tting  them  in  atomic  Percentages,  the 
f;  r  r,ng  Up0n  the  basis  of  the  "umber  of  atoms 

u  I0°  at°mS  °f  ir°n-  The  d°«ed  portions  of 
at  hand.  ^  ^  "°  COnnection  with  the  subject  immediately 

tion  of  thedr  ^  H  thC  re'at,i,°n  °f  deCtrical  resistance  ‘0  ‘he  constitu- 
a  com^x  Suhni  g  3  ?y’  WC  mUSt  always  bear  in  1T|ind  what 
manSese  s  I  *  M°y  is:  that  always  contains  carbon, 

mav' exist  in  SU'p  ,Ur  and  Phosphorus ;  that  the  iron  itself 

solubility  of  'V°  °r  t?ree  a  IotroPic  conditions;  that  the  limits  of 
solubility  of  various  elements  in  iron  are  in  most  cases  unknown, 


Percentage  oonducUritj,  On  » 100  per  eent 
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and  that  the  intermetallic  compounds  of  iron  with  another  metal, 
or  of  two  metals  with  carbon  forming  a  double  carbide,  have  been 


PcroraUfM  of  added  ah 

Fig  1. 
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Yet,  notwithstanding  these  complications,  a  broad  view  of 
the  existing  evidence  leads  to  the  idea  that  the  atomic  law  is  in 
some  way  connected  with  the  problem.  Professor  Osmond,  in  dis¬ 
cussing  the  author's  paper  to  the  Iron  and  Steel  Institute,  takes 
this  view  of  the  subject  when  he  says:  “  It  was  remarkable  that 
Mr.  C.  Benedicks  should  have  arrived  independently  and  simulta¬ 
neously  at  the  conception  of  the  idea  of  atomic  equivalents  of  dis¬ 
solved  bodies.  It  was  true  there  were  some  considerable  discrep¬ 
ancies  between  the  results  of  Benedicks  and  Mathews,  but  there 
was  nothing  very  surprising  in  these  discrepancies,  any  more  than 
in  those  on  which  the  author  (Mathews)  commented  as  existing 
between  results  of  M.  Le  Chatelier  and  other  physicists  in  the  case 
of  tungsten,  molybdenum  and  chrome-steels. 

“If  the  law  of  atomic  weights  was  exact,  it  was  applicable, 
as  its  very  enunciation  implied,  only  to  the  dissolved  fraction  o^ 
the  alloyed  substances,  but  this  fraction  varied  according  to  the 
treatment,  and  was  unknown  in  many  cases,  notably  chromium 
and  tungsten,  and  probably  molybdenum,  too,  would  form  double 
carbides,  which,  when  liquated,  would  have  but  a  very  weak  in¬ 
fluence.  Before  concluding,  it  would  be  necessary'  to  know  in 
each  particular  case  what  was  dissolved  and  what  was  not,  and 
also  what  was  the  state  of  the  substance  in  solution.  These  were 
questions  to  which  one  could  but  seldom  find  an  answer,  and 
much  investigation,  as  Dr.  Mathews  rightly  said,  was  still  neces¬ 
sary.”  It  was  in  the  hope  of  stimulating  further  work  upon  this 
interesting  problem  that  we  venture  to  bring  it  to  the  attention  of 
electricians,  hoping  —  as  we  have  elsewhere  stated  in  regard  to 
these  views  to  provoke  discussion,  and,  more  especially, 
thought  and  research  in  this  important  field.  Their  confirmation 
would  be  of  great  interest ;  their  refutation  upon  experimental 
evidence  would  doubtless  produce  some  other  and  correct  ex¬ 
planation.” 

At  the  time  that  remark  was  made,  Mr.  Benedicks,  in  the 
University  of  Upsala,  was  bringing  forth  the  most  conclusive 
evidence  that  for  small  concentrations  the  increase  in  resistivity 
of  steel  is  a  function  of  the  atomic  weight,  i.e.,  equi-atomic  solu¬ 
tions  of  metallic  elements  in  iron  produce  equal  increase  in  electrical 
resistance. 

Mr.  Benedicks  determined  the  electrical  resistance  of  a  num¬ 
ber  of  samples  of  steel  which  had  been  carefully  analyzed.  They 
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contained  varying  quantities  of  carbon,  silicon,  manganese,  sulphur 
and  phosphorus,  the  last  two  elements  being  low  and  fairly 
uniform.  The  steels  were  tested  in  both  the  hardened  and  an¬ 
nealed  state.  From  his  determinations,  the  author  found  that  one 
atomic  per  cent  of  various  elements  dissolved  in  iron  produces 
an  increase  in  resistance  which  is  equal  to  5.9  microhms  per  c.m3. 
The  author  also  calculated  that  the  resistance  of  absolutely  pure 
iron  would  be  7.6  microhms  per  c.m3,  but  this  value  is  lower  than 
has  ever  been  obtained  experimentally,  for  perfectly  pure  iron 
has  not  been  investigated.  By  means  of  the  following  formula,  it 
was  found  possible  to  calculate  the  resistance  of  steel  with  con¬ 
siderable  accuracy: 

•S'  =  7.6  +  26.8  2C,  in  which  S  =  resistance  in  microhms  per 
cm3,  and  2  C  =  %  foreign  substances  calculated  as  equivalent 
quantities  of  carbon. 

But  in  order  that  this  formula  be  applicable,  it  was  necessary 
to  ascertain  the  effect  of  carbon  itself  upon  the  conductivity.  This 
Mr.  Benedicks  has  done  very  skillfully.  It  is  now  generally  under¬ 
stood  that  carbon  combines  with  iron  to  form  a  carbide,  F,C. 
This  exists  in  annealed  steels  in  a  condition  easily  recognizable 
under  the  microscope,  and  is  known  to  metallographists  as 
“  cementite.”  When  steel  is  heated  to  temperatures  above  700°  C. 
and  cooled  suddenly,  no  cementite  appears,  but  under  the  mi¬ 
croscope,  at  high  magnification,  a  structure  known  as  “  martensite  ” 
is  seen.  The  carbon  in  this  condition  may  be  combined  or  simply 
dissolved  without  combination.  Professor  Arnold  thinks  that  a 
sub-carbide,  F24C,  exists  in  hardened  steel. 

However,  when  hardened  steel  is  reheated  and  slowly  cooled, 
cementite  appears,  and  the  other  micrographic  constituent  is  known 
as  "  ferrite.”  This  has  usually  been  considered  to  be  pure  iron,  and 
the  combined  ferrite  and  cementite,  when  existing  in  alternate 
bands  or  layers,  constitute  the  "  pearly  constituent  ”  of  Dr.  Sorby, 
now  called  “  pearlite.”  Mr.  Benedicks  shows  that  ferrite  is  not 
carbon-free  iron,  but  that  annealed  steels,  containing  from  0.40  to 
1.70  per  cent  carbon,  consist  of  cementite  and  iron  containing 
about  0.27  per  cent  of  dissolved  or  hardening  carbon.  This  con¬ 
stituent  may  be  identical  with  the  “  sorbite  ”  of  Osmond.  The 
segregated  carbon  in  the  form  of  cementite  exerts  little  influence 
upon  the  conductivity.  This  statement  does  not  seem  to  accord 
with  that  of  Le  Chatclier,  who  gives  the  resistance  of  ferrite  as 
9.5,  and  cementite  (Fe3C)  as  45. 
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When  a  low  carbon  steel  —  less  than  0.40  per  cent  carbon  — 
is  annealed,  cementite  separates,  but  the  accompanying  ferrite  con¬ 
tains  less  carbon  than  0.27  per  cent.  For  example,  Mr.  Benedicks 
states  that  the  ferrite  of  a  0.20  carbon  steel  would  contain  0.06  — 
0.07  per  cent  of  dissolved  carbon.  Benedicks'  work  confirms  the 
chemical  researches  of  Osmond  and  Werth,  Carnot  and  Goutal, 
Brustlein,  Arnold,  and  Stansfield  in  regard  to  the  existence  of 
0.27  per  cent  of  hardening  carbon  in  solid  solution  in  annealed 
high-carbon  steels.  All  this  work  strengthens  the  author  in  the 
opinion  he  has  held  and  expressed  repeatedly,  that  in  the  separating 
or  crystallizing  out  of  the  constituents  of  any  alloy,  no  pure  metal 
ever  separates,  but  metal  containing  more  or  less  of  the  other 
constituents  of  the  alloy  in  solid  solution.  It  seems,  too,  that  in 
Benedicks’  confirmation  of  the  atomic  equivalence  of  the  elements 
in  their  effect  upon  conductivity,  we  have  presented  some  new 
evidence  in  favor  of  the  opinion  expressed  by  Professor  Ramsey, 
in  1889,  “  that  it  would  appear  legitimate  to  infer  that  in  solution, 
as  a  rule,  the  atom  of  a  metal  is  identical  with  its  molecule.” 

As  regards  the  exact  nature  of  the  phenomenon  of  conductiv¬ 
ity  in  metals  and  alloys,  very  little  is  known.  The  beautiful  theory 
of  electrolytic  conductivity  in  ordinary  liquid  solutions  seems  to 
have  nothing  in  common  with  metallic  conduction.  In  a  way,  these 
two  kinds  of  conductivity  seem  to  be  opposed  to  each  other,  for 
while  the  conductivity  of  a  pure  liquid  is  increased  by  the  presence 
of  dissolved  matter  in  it,  a  pure  metal  becomes  a  much  poorer 
conductor  if  another  element  is  added  to  it.  Dewar  and  Fleming’s 
researches  showed  that  the  resistance  of  pure  metals  decreased 
with  falling  temperatures,  and  there  was  evidence  that  at  the 
absolute  zero  the  resistance  would  be  nil .  In  the  case  of  alloys, 
no  such  evidence  was  afforded;  they  seem  to  follow  some  other 
law .  W  hat  is  true  in  regard  to  electrical  conductivity  probably 
holds  for  thermal  conductivity  as  well.  Kohlrausch  showed  that 
for  high  carbon  steel,  low  carbon  steel  and  wrought  iron  the  ratio 
between  these  two  kinds  of  conductivity  is  close. 

The  electrical  resistance  of  steel  at  high  temperatures  fur¬ 
nishes  one  of  the  evidences  of  the  allotropy  of  iron.  Le  Chatelier 
found  two  reversible  transformations  in  the  conductivity  of  a 
certain  sample  of  malleable  iron  at  730°  C.  and  855°  C.  These 
temperatures  correspond  closely  to  the  “  breaks  ”  in  the  cooling 
curve  of  mild  steel,  designated  by  Osmond  as  Ar2  and  Ars,  i.e., 
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in  slowly  cooling  such  a  sample  of  steel  there  occur  two  evolutions 
of  heat  at  certain  temperatures.  These  evolutions  of  heat  occur 
in  the  purest  carbonless  iron.  In  iron  containing  carbon,  their 
point  of  occurrence  is  affected  by  the  presence  of  that  element,  but 
since  its  presence  is  not  the  cause  of  their  occurrence,  they  have 
been  thought  to  indicate  molecular  or  allotropic  changes  in  the 
iron  itself.  As  has  been  shown  for  iron,  the  first  additions  of  any 
other  element  produce  greater  increase  in  resistance  than  any  sub¬ 
sequent  additions.  It  is  these  first  small  additions  that  may  be 
supposed  to  remain  in  solid  solution,  and  to  act  most  deleteriously 
upon  the  conducting  power  of  the  iron.  Matthiessen  showed  that 
the  conductivity  curves  for  most  pairs  of  metals  —  excluding  the 
metals  lead,  tin,  zinc  and  cadmium  —  is  of  the  shape  of  the  letter 
U.  Alloys  whose  compositions  lie  along  the  part  of  the  curve 
where  it  is  nearly  vertical,  are  those  in  which  a  single  solid  solu¬ 
tion  is  most  likely  to  occur.  Intermediate  compositions  usually 
consist  of  at  least  two  constituents  crystallizing  together  in  some 
sort  of  a  conglomerate  of  solid  solution,  intermetallic  compound, 
eutectic,  etc.  However  they  crystallize,  each  constituent  is  more 
or  less  saturated  with  the  other  at  the  temperature  of  solidification. 
All  such  alloys  conduct  poorly,  but  it  is  not  known  that  the  size 
of  the  grain  or  the  number  of  boundary  faces  between  contiguous 
grains  influences  the  conductivity  directly.  The  presence  of  such 
constituents,  microscopically  discernible,  has  suggested  to  Lord 
Kelvin  the  idea  that  the  increased  resistance  may  be  due  to  thermo¬ 
electric  effects,  caused  by  the  passing  of  the  current.  He  says, 
“  the  temperature  thus  arising  increases  until  the  conduction  of 
heat  through  the  laminae  balances  the  Peltier  effect  at  the  junctions, 
and  it  gives  rise  to  a  thermo-electric  force  opposing  the  passage 
of  the  current/’  Now,  if  such  effects  take  place  at  points  of  con¬ 
tact  between  laminae  of  relatively  large  size  and  of  different  com¬ 
positions,  why  might  not  the  same  phenomenon  occur  between 
much  smaller  laminae,  and  why  might  they  not  occur  between  the 
atoms  themselves  —  in  other  words,  why  will  not  the  explanation 
hold  good  for  solid  solutions?  This  would  account  for  a  greater 
effect  from  a  dissolved  than  from  a  segregated  substance. 

In  the  case  of  non-ferrous  alloys,  there  is  some  evidence  in 
favor  of  the  existence  of  an  atomic  relation  governing  conductivity. 
These  alloys  would  be  the  easiest  to  study  by  way  of  confirmation 
of  the  evidence  afforded  by  steel,  because  they  can  be  obtained 
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in  a  greater  degree  of  purity.  From  existing  data,  however, 
something  in  favor  of  the  atomic  theory  as  applied  to  metallic 
conduction  has  been  gathered.  This  we  will  summarize  briefly  in 
conclusion.  The  only  two  metals  which  we  know  to  be  perfectly 
soluble  in  each  other,  and  which  never  separate  into  two  mi¬ 
croscopic  constituents,  are  silver  and  gold.  The  highest  degree  of 
mutual  solubility  of  which  we  can  conceive  would  be  afforded  by 
an  alloy  of  the  composition  Au-Ag,  i.e.,  an  equi-atomic  alloy.  It 
is  precisely  this  one  which  has  the  highest  resistance.  Alloys  whose 
compositions  are  represented  by  the  atomic  values  Au4Ag  and 
Ag4Au  conduct  about  equally  well.  In  the  investigations  of  the 
Reichsanstalt  upon  the  conductivity  of  nickel-copper  alloys,  it  was 
found  that  the  alloy  consisting  of  almost  equal  atoms  of  nickel  and 
copper  had  the  highest  resistance.  In  the  case  of  copper-silver 
alloys  this  does  not  hold  good,  but,  nevertheless,  the  solution  theory 
in  regard  to  resistance  is  confirmed.  M^tthiessen  found  the 
highest  resistance  of  silver-copper  alloys  to  be  afforded  by 
Levol's  alloy,  which  contains  about  28  per  cent  of  copper. 

This  is  the  one  alloy  of  copper  and  silver  which  on  slow- 
cooling  in  mass  does  not  segregate,  but  is  of  uniform  composition 
throughout.  It  is,  in  fact,  the  eutectic  alloy,  and  a  microscopic 
examination  of  it  reveals  the  fact  that  it  is  composed  of  two  con¬ 
stituents.  One  of  these  we  believe  to  be  a  saturated  solid  solution 
of  copper  in  silver,  and  the  other  a  saturated  solid  solution  of  silver 
in  copper.  Hence,  we  have  two,  instead  of  one,  saturated  solid 
solutions  crystallizing  side  by  side,  and  the  lowest  conductivity 
is  afforded  by  them  just  as  an  alloy  of  the  composition  Au-Ag 
gives  the  lowest  conductivity  of  all  gold-silver  alloys.  Any  ad¬ 
dition  of  silver  or  copper  to  Levol's  alloy  is  equivalent  to  diluting 
one  or  other  of  the  solid  solutions  of  which  it  consists,  and  the 
conductivity  is  improved  thereby. 

If  the  conductivity  of  a  series  of  steels  containing  practically 
a  constant  percentage  of  manganese,  but  varying  in  carbon,  be 
measured  in  both  the  hardened  and  annealed  conditions,  and  the 
results  plotted,  it  will  be  found  that  the  quenched  steels  not  only 
have  a  higher  resistance,  but  that  the  curves  diverge  from  each 
other  directly  in  proportion  to  the  carbon  content.  The  hardening 
of  steel  changes  the  carbon  from  a  segregated  to  a  dissolved  con¬ 
dition.  This  explains  the  divergence  of  the  curves,  for  the  increas¬ 
ing  amount  of  dissolved  carbon  increasingly  augments  the  re- 
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sistance  If,  however,  steels  of  constant  carbon  and  varying 
manganese  be  similarly  treated,  the  curve  of  the  quenched  spec¬ 
imens  will  fall  below  that  of  the  annealed  specimens,  but  will  be 
practically  parallel  to  it. 

The  difference  between  the  two  curves  in  this  case  is  due  to 
the  retention  of  all  the  carbon  in  the  dissolved  state,  but  the  effect 
due  to  increasing  manganese  is  the  same  in  both  conditions,  for  it 
crystallizes  isomorphously  with  the  iron,  and-for  low  percentages 
-is  contained  in  the  iron  crystals,  whether  they  are  quenched 
or  not. 

From  what  has  preceded,  it  will  be  seen  that  although  electro¬ 
lytic  and  metallic  conductivity  are  so  different  in  nature,  yet  the 
question  of  solubility  seems  to  affect  or  control  metallic  conduc¬ 
tion,  and  there  exists  an  atomic  relation  between  the  effect  of  dif- 
ferent  dissolved  substances  upon  the  conductivity  of  the  principal 
metal  or  solvent.  All  the  recent  work  upon  alloys  tends  to 
strengthen  the  idea  that  alloys  in  many  of  their  properties  resemble 
liquid  solutions,  and  with  a  brief  summary  of  these  points  of 
resemblance  we  will  close.  Graham  and  Roberts-Austen  have 
shown  that  at  temperatures  much  below  their  melting  points 
metals  diffuse  into  one  another,  like  a  salt  into  water.  Like  liquids, 
metals  may  or  may  not  be  perfectly  miscible.  In  the  latter  case, 
Dr  Alder  Wright  has  shown  that  a  fused  mass  of  two  immiscible 
metals  on  cooling  separates  into  layers,  and  that  the  layers  do  not 
consist  of  pure  metals,  but  that  each  metal  retains  a  little  of  the 
other  in  solid  solution. 

In  general,  solubility  increases  with  the  temperature.  Pro¬ 
fessor  Spring  and  others  have  shown  that  metals  will  flow  under 
pressure,  and  that  by  the  same  means,  mixed  metals  may  or  may 
not  react  chemically  when  thus  brought  into  intimate  association. 
Molecular  mobility  increases  with  the  temperature  in  metals  as 
well  as  in  liquids.  Upon  cooling  molten  binary  alloys,  the  phe¬ 
nomena  attending  solidification  are  strongly  suggestive  of  the 
behavior  of  freezing  salt  solutions.  It  has  been  shown  by  Heycock 
and  Neville  that  the  depression  of  the  freezing  point  of  one  metal 
by  the  addition  of  another  to  it  follows  the  laws  of  Coppet  and 
Raoult.  The  eutectic  alloy  of  Guthrie  is  the  analogue  of  the 
"  cryohydrates  ”  of  physical  chemistry,  and  Roozcboom,  Le  Chate- 
lier  and  others  have  shown  that  the  phase  rule  of  Gibb  applies 
quite  as  well  to  the  explanation  of  questions  of  equilibrium  in 
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alloys  as  it  does  to  the  explanation  of  similar  problems  in  regard 
to  liquids  and  gaseous  mixtures. 

In  view  of  all  this  evidence,  it  may  not  be  surprising,  but  it  is 
nevertheless  a  very  interesting  coincidence,  that  almost  simultane¬ 
ously  three  workers  of  different  nationalities  in  three  different 
countries  should  have  observed  independently  another  confirma¬ 
tion  of  the  periodic  relation  of  the  elements  and  of  the  general 
applicability  of  the  solution  theory  to  the  explanation  of  the  proper¬ 
ties  of  alloys. 


ABSTRACTS 

(From  recent  articles  on  Metallography  and  related  subjects.) 

The  Heat  Treatment  of  Steel  under  Conditions  of  Steel  Works 
Practice.  Alfred  Campion.  Journal  Iron  and  Steel  Institute, 
I9°3»  Vol.  L  —  Mr.  Campion,  Carnegie  Research  Scholar,  pre¬ 
sented  an  exhaustive  paper  bearing  the  above  title  at  the  May, 
1903,  meeting  of  the  Iron  and  Steel  Institute.  The  paper  includes 
numerous  tables  showing  results  of  physical  tests  and  many  photo¬ 
micrographs  exhibiting  the  structure  of  the  samples  treated. 

The  author  during  the  time  which  he  was  connected  with 
works  frequently  observed  that  the  results  obtained  on  such  small 
samples  were  very  different  to  those  arrived  at  in  actual  prac¬ 
tice  when  large  masses  of  steel  were  subjected  to  similar  heat- 
treatment.  He  therefore  decided  to  investigate  the  heat-treatment 
of  steel  under  works  conditions,  in  the  hope  that  the  results  of 
such  an  investigation  would  be  of  some  value  to  those  engaged 
in  the  manufacture  and  manipulation  of  the  metal. 

W  ith  this  object  in  view  a  qumber  of  round  bars,  varying  in 
size  from  1  J^-inch  to  6-inch  diameter,  and  in  carbon  content  from 
0.20  to  0.65  per  cent,  have  been  heated  to  different  temperatures 
for  various  lengths  of  time.  The  bars  after  treatment  have  been 
subjected  to  as  complete  a  set  of  mechanical  and  other  tests  as 
possible,  to  determine  the  influence  of  the  particular  treatment 
on  the  strength,  ductility,  and  general  physical  properties. 

The  heatings  have  been  carried  out  mostly  in  a  gas-fired 
reheating  furnace,  but  some  of  the  smaller  bars  were  heated  in  a 
direct  coal-fired  furnace. 
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The  effect  of  the  heating  has  been  determined  by  submitting 
the  bars  to  as  complete  a  series  of  such  mechanical  tests  as  can 
be  carried  out  in  any  well-appointed  works,  and  with  which  all 
practical  men  are  familiar  and  can  readily  interpret. 

The  practical  results  obtained  under  the  drop  test,  and  in  the 
testing  machine,  have  been  augmented  by  microscopical  examina¬ 
tions  and  other  tests,  which  are  fully  described  in  the  paper. 

The  scheme  of  work  planned  for  the  research  was  to  treat 
round  bars  ij^-inch,  4-inch  and  6-inch  diameter,  of  four  steels 
containing  0.20,  0.35,  0.50  and  0.65  per  cent  of  carbon,  at  a 
number  of  different  temperatures  and  lengths  of  time,  and  after¬ 
wards  test  them  in  various  ways,  as  shown  below.  Duplicate  ex¬ 
periments  have  been  made  for  each  temperature  as  far  as  it  was 
possible  to  do  so. 

It  was  originally  intended  to  have  had  all  three  sizes  of  bars 
of  rolled  material,  but  as  it  was  not  possible  to  obtain  the  6-inch 
diameter  bars  of  rolled  material,  they  were  forged  from  8-inch 
by  8-inch  blooms.  The  bars  were  4^  feet  long,  weighing  just 
under  4  cwts.  each.  The  4-inch  diameter  bars  were  also  4^  feet 
long,  weighing  about  cwt.  each.  The  i^-inch  round  bars 
were  2  feet  long,  and  weighed  about  14  lbs. 

The  bars  after  being  subjected  to  the  heat-treatment  were 
tested  and  examined  in  various  ways,  as  shown  below. 

iI4-inch  Diameter  Rounds 

(1)  Cooling  curves  taken  and  critical  points  determined  in 
each  steel. 

(2)  Complete  chemical  analysis  of  drillings  taken  from  sev¬ 
eral  bars  of  each  steel. 

(3)  Bending  tests. 

(4)  Tensile  tests  —  elastic  and  ultimate  stress,  percentage  of 
elongation  and  contraction  of  area  at  fracture. 

(5)  Photomicrograph  of  average  structure  of  a  transverse 
section  of  each  bar. 

4-inch  and  6-inch  Diameter  Rounds 

(1)  Cooling  curves  and  critical  points  determined  for  each 

steel. 

(2)  Carbon  determined  by  combustion  in  every  bar. 

(3)  Complete  chemical  analysis  of  half  the  bars. 
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(4)  Drop  tested  each  bar  where  possible  to  destruction. 

(5)  Two  tensile  tests  for  each  bar,  one  cut  from  the  centre 
and  one  from  the  outside.  See  Fig.  1. 

(6)  Two  compression  tests  from  one  bar  of  each  treatment, 
cut  from  centre  and  outside  of  bars.  See  Fig.  2. 

(7)  Three  photomicrographs  from  each  bar,  representing  the 
structure  on  the  outside,  the  centre,  and  the  portion  half-way 
between  the  centre  and  outside  of  the  bars. 

(8)  Electrical  conductivity  of  strips  cut  through  the  diameter 
of  the  6-inch  bars. 

In  carrying  out  the  heatings  the  temperatures  were  controlled 
by  a  portable  form  of  the  Le  Chatelier  pyrometer.  Several  pyrom¬ 
eters  were  in  use  in  order  to  make  sure  that  all  the  bars  in  the 
furnace  were  at  as  near  as  possible  the  same  temperature. 

In  taking  the  temperature  of  the  bars  it  was  necessary  to  take 
precautions  for  preventing  the  flame  playing  directly  upon  the 
thermo-couple,  and  the  following  simple  plan  was  adopted:  The 
bars  were  covered  with  a  piece  of  large  angle  or  channel,  and  the 
couple  was  put  under  the  covering  and  jammed  close  against  the 
bars.  This  method  of  shielding  the  junction  from  direct  action  of 
the  flames  proved  very  convenient,  as  the  piece  of  angle  could 
easily  be  shifted  to  any  part  of  the  bar  at  which  it  was  desired  to 
take  the  temperature. 

The  bars  were  frequently  rolled  round  during  the  heating  to 
ensure  them  being  equally  heated  all  through. 

1  he  micro-sections  examined  in  the  course  of  the  investiga¬ 
tions  have  all  been  prepared  in  as  nearly  as  possible  the  same 
manner,  so  as  to  have  the  structures  developed  under  similar  con¬ 
ditions. 

I  he  method  of  etching  adopted,  and  which  has  given  excellent 
results,  was  to  immerse  the  section  for  exactly  thirty  seconds  in 
alcohol  containing  i  per  cent  of  nitric  acid.  After  washing  and 
drying  the  etched  surface  was  lightly  rubbed  with  a  soft  cloth 
moistened  with  benzene. 


Consideration  of  the  Results  of  the  Various  Tests 

Bending  Tests.  In  the  case  of  the  0.20  per  cent  carbon  steel, 
very  little  difference  in  properties  of  the  iJ4-inch  bars  is  made 
apparent  by  this  method  of  testing.  The  steel  containing  0.35  Per 
cent  of  carbon  shows  somewhat  greater  variations  in  the  bending 
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angles  than  was  the  case  with  the  0.200  per  cent  carbon  steel.  The 
steels  containing  0.500  per  cent  and  0.700  per  cent  carbon  show 
very  considerable  difference  by  this  method  of  testing. 

Falling  Weight  Tests.  —  This  is  by  far  the  most  important 
of  the  tests  dealt  with  in  the  present  paper.  It  is,  in  fact,  the  only 
means  of  determining  the  shock-resisting  power  of  the  steel. 

In  the  case  of  the  steel  containing  0.20  per  cent  carbon  the 
6-inch  forged  bar  is  very  much  stronger  than  the  4-inch  rolled  bar, 
the  maximum  resistance  to  sudden  shock  of  the  latter  being  only 
about  58  per  cent  of  that  given  by  the  6-inch  forged  bar.  The 
forged  bar  reaches  its  maximum  strength  when  treated  at  850°  C., 
as  against  760°  C.  for  the  4-inch  bar.  It  is  difficult  to  say  how 
much  of  this  difference  in  resistance  to  shock  is  due  to  the  mass, 
as  the  4-inch  bar  was  rolled  whilst  the  6-inch  bar  was  forged. 
This  remark  applies  to  all  the  four  steels  used  in  the  investi¬ 


gation. 

Passing  to  the  steel  containing  0.35  per  cent  carbon,  the 
forged  bar  is  still  much  superior  to  the  rolled  bar,  but  not  to  so 
large  an  extent  as  in  the  softer  steel.  The  rolled  bar  has  a  max¬ 
imum  resistance  of  66  per  cent  of  that  possessed  by  the  forged  bar. 
Both  bars  in  this  case  give  the  best  results  at  about  750  U, 
although  the  falling  off  takes  place  at  100  higher  in  t  le  ro 
bar  than  in  the  forged.  The  total  foot-pounds  of  ener&>  0  P 
duce  fracture  is  200,000  less  than  required  b>  t  le  0.2  per 
carbon  steel.  The  steel  containing  0.55  Per  cent  car  on  , 

imum  strength  of  only  half  that  of  the  0.20  per  cen  se  j 
this  test,  and  the  forged  and  rolled  bars  are  about  equal  n  this 
respect.  The  temperature  giving  highest  result  or  e  ^  ^ 

is  within  fifty  degrees  of  that  at  which  the  orgc 
best  test.  Passing  to  the  next  steel,  cot 

carbon,  it  is  interesting  to  notice  that  the  rolled  P  haying 
siderably  greater  strength  than  the  forge  ar,  j  The 

»lf  *»?„  pet  cent  the  .ttenph  o  th» 

rolled  bar  also  reaches  its  maximum  at  a 

does  the  forged  bar.  .  x  results 

.  Tensile  Tests.  —  As  has  alrea^.b  aeI'^"  pUn  in  the  testing 
obtained  by  subjecting  the  material  to  a  ste,  ,tfferences.  They 
machine  do  not  show  any  very  pronounce  shock- 

do  not  therefore  give  at  first  sight  any  indication 
resisting  qualities  of  the  steel. 
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The  percentages  of  contraction  of  area  and  elongation  appear 
to  vary  within  very  narrow  limits. 

Kirkaldy  *  concludes,  as  the  results  of  experiments,  that  the 
contraction  per  cent  where  rupture  occurs  in  the  usual  form  of 
test  piece  affords  information  as  to  the  value  of  steel.  The 
author  has  endeavored  to  trace  some  relation  between  the  con¬ 
traction  at  fractures,  and  a  comparison  of  the  contraction  of  area 
curves  with  those  of  bending  test  results  show  that  there  is  a 
very  good  agreement  between  the  two  results.  In  the  case  of  the 
0.65  per  cent  carbon  steel,  the  agreement  is  less  marked  owing  to 
the  small  percentages  of  contraction  of  area  of  such  material. 

A  reference  to  the  figures  shows  that  there  exists  a  fairly  close 
agreement  between  the  results  of  the  two  methods  of  testing  in 
the  case  of  steel  containing  0.200  per  cent  of  carbon ;  but  in  the 
case  of  the  steels  containing  0.35  and  0.55  per  cent  of  carbon,  the 
percentages  of  contraction  of  area  at  fracture  do  not  appear  to 
give  any  indication  as  to  the  behavior  of  the  material  under 
sudden  shock. 

Professor  Akerman,f  of  Stockholm,  takes  the  fraction  formed 
by  dividing  the  limit  of  elasticity  by  the  breaking  load  as  a 
measure  of  the  sample  to  resist  impact. 

It  is  to  be  observed  that  Akerman’s  criterion  for  resistance  to 
impact  is  also  a  criterion  for  ductility,  for  the  smaller  the  ratio 
of  the  elastic  to  ultimate  stress,  the  greater  the  force  beyond  the 
limit  of  elasticity  that  the  material  can  resist  without  fracture, 
and  the  tougher  accordingly  it  is. 

The  author  has  been  unable  to  trace  any  relation  between 
Akerman’s  criterion  and  the  bending  angles  of  the  1  -inch  round 
bars.  It  was  found  that  no  agreement  exists  between  the  ratio 
of  elastic  to  ultimate  stress  and  the  resistance  to  impact  in  the 
case  of  the  0.200  per  cent  carbon  steel.  In  the  case  of  the  other 
steels,  the  smallest  ratio  of  elastic  to  ultimate  stress  is  obtained  in 
the  bar  giving  the  highest  drop-test  result. 

It  thus  appears  that  for  soft  steel  containing  about  0.20  per 
cent  of  carbon,  the  percentage  of  contraction  of  area  at  fracture 
of  the  usual  test  bars  affords  an  indication  of  the  resistance  to 
impact ,  whilst  for  steel  containing  from  0.35  to  0.70  per  cent 
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of  carbon,  the  ratio  of  elastic  to  ultimate  stress  affords  similar 
information. 

Electrical  Conductivity  Tests.  —  The  author  had  hoped  to 
have  made  a  complete  series  of  experiments  in  this  direction  on 
strip  cut  out  both  longitudinally  and  transversely  from  the  bars. 
Time,  however,  did  not  permit  of  this  being  accomplished. 

Some  of  the  transverse  tests  have  been  made,  but  so  far  the 
author  has  been  unable  to  trace  any  relationship  either  with  the 
structure  or  mechanical  tests. 

The  general  conclusions  to  be  drawn  from  the  results  obtained 
may  be  briefly  summarized  as  follows: 

Small  sections  of  rolled  steel  containing  0.20  per  cent  carbon 
can  be  heated  between  very  wide  limits  of  temperature  without 
seriously  impairing  its  power  of  resisting  sudden  shocks,  as  shown 
by  results  of  bending  tests.  The  results  of  experiments  given 
above  indicate,  however,  that  850°  C.  is  the  maximum  temperature 
to  which  such  material  should  be  heated. 

The  rate  of  cooling  to  Ar1  appears  to  have  considerable  in¬ 
fluence  upon  the  result;  in  the  case  of  material  of  this  description 
heated  to  8oo°  C.  and  higher,  slow  cooling  tends  to  produce  brittle¬ 
ness,  a  fact  which  probably  explains  some  of  those  abnormal 
results  often  met  with  in  works.  In  rolling  small  sections  it  is 
the  practice  in  many  works  to  stack  the  bars  on  the  bank  win  st 
still  hot ;  this  means  that  they  are  either  cooled  very  slowly  through 
Ar,,  or  are  kept  for  a  very  long  time  between  500  and  600  C. 
The  experiments  described  in  the  paper  point  to  this  as  a  dangerous 

temperature  at  which  to  treat  the  material. 

A  case  of  some  angles  being  rendered  brittle  in  this  manner 
recently  came  under  the  author’s  notice.  Heating  the  material 
to  about  800°  C.  and  allowing  to  cool  fairly  rapidly  entirely  re¬ 
moved  the  brittleness. 

The  results  obtained  upon  larger  sections  of  rolled  steel  con¬ 
taining  o  200  per  cent  carbon,  indicate  8oo°  C.  as  the  maximum 
temperature  at  which  such  material  should  be  heated  to  obtain  it 
in  the  most  suitable  condition  to  resist  sudden  shock.  This  tem¬ 
perature  is  slightly  lower  than  the  maximum  obtained  for  the 

smaller  bars. 

Passing  to  the  experiments  on  forged  bars  of  this  steel  and 
of  large  mass,  the  results  point  to  700°  to  850°  C.  as  the  limits  of 
temperature  at  which  such  material  should  be  treated  to  obtain 
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the  maximum  resistance  to  sudden  shock.  It  appears  that  at 
temperatures  between  500°  to  650°  C.  brittleness  is  produced  in 
a  very  marked  degree,  especially  if  followed  by  slow  cooling. 

The  second  set  of  experiments  described  upon  this  size  of  bar, 
show  very  clearly  the  effect  of  heating  to  temperatures  between 
500°  and  iooo°  C.,  and  the  results  point  to  8oo°  C.  as  the  best 
temperature  at  which  to  treat  such  material.  The  results  of  this 
set  of  experiments  are  of  additional  interest.  The  author  being 
unable  to  spare  the  necessary  time  to  go  to  the  works  and  super¬ 
intend  the  heatings  in  this  case,  requested  his  friend,  Mr.  Far- 
quharson,  the  chemist  at  Hallside  Works,  to  treat  the  bars 
according  to  his  instructions,  and  afterwards  test  them  under  the 
falling  weight.  The  results  absolutely  confirm  those  obtained  by 
the  author  himself,  and  also  prove  the  value  of  a  pyrometer  in 
controlling  the  heatings  in  ordinary  works  practice. 

Steel  containing  about  0.30  or  0.40  per  cent  of  carbon  in 
small  rolled  sections  appears  to  be  improved  as  regards  its  shock- 
resisting  qualities  when  heated  to  temperatures  varying  from 
650°  to  8oo°  C.,  whether  followed  by  slow  or  rapid  cooling. 

Heating  between  500°  and  6oo°  C.  does  not  produce  the 
brittleness  which  occurs  in  0.20  carbon  steel  under  similar  con¬ 
ditions. 

Large  rolled  bars  of  this  give  the  best  results  after  heating  to 
temperatures  of  700°  to  8oo°  C.  with  the  maximum  resistance  at 
760°  C.  When  heated  at  900°  C.  and  higher,  a  pronounced  brit¬ 
tleness  develops.  Slow  cooling  does  not  seem  to  be  very  injurious. 

Forged  bars  6  inches  in  diameter  of  this  steel  appear  to  be 
brought  into  the  best  condition  for  resisting  sudden  shock  bv 
heating  to  temperatures  between  700°  to  760°  C.,  followed  either 
by  slow  or  rapid  cooling.  The  bar  heated  to  800  C.  shows  a 
marked  falling  off  in  the  drop-test  result,  but  as  only  one  experi¬ 
ment  was  made  at  this  temperature,  too  much  reliance  must  not 
be  placed  upon  the  result,  which  might  be  due  to  accidental  causes. 

Steel  containing  0.50  to  0.60  per  cent  carbon  in  small  rolled 
sections  appears  to  be  in  its  toughest  and  strongest  condition  after 
being  heated  to  700°  to  8oo°  C.,  and  followed  by  either  slow  or 
rapid  cooling.  The  larger  rolled  bars  of  this  steel  appear  to  require 
the  same  treatment  as  the  ij^-inch  bars. 

The  forged  bars  require  to  be  heated  to  a  slightly  lower 
temperature  than  the  rolled  bars  in  order  that  they  may  be  in  the 
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toughest  condition.  The  steel  containing  between  0.60  and  0.70  per 
cent  of  carbon  in  small  rolled  sections  as  used  in  the  author’s 
experiments  possess  greatest  ductility  and  resistance  to  sudden 
shock,  as  determined  by  bend  test,  after  being  heated  to  6oo°  to 
700°  C.  The  4-inch  rolled  bars  of  this  steel  give  the  best  drop-test 
results  at  about  720°  C.  The  rate  of  cooling  apparently  does  not 
very  much  influence  the  results. 

’  This  steel  in  the  forged  bars  of  6-inch  diameter  gives  the  best 
result  under  the  falling  weight  test  after  being  heated  to  700  to 
760°  C.,  and  followed  by  either  rapid  or  slow  cooling.  Heating 
this  grade  of  steel  in  large  bars  to  temperatures  of  over  850°  C. 
produces  brittleness,  which  is  very  marked  if  the  temperature 
exceeds  900°  C. 

Determination  of  the  Points  of  Allotropic  Changes  of  Iron 
and  its  Alloys  by  the  Measurement  of  the  Variations  in  the 
Electric  Resistance.  O.  Boudouard.  Journal  Iron  and  Steel 
Institute ,  1903,  Vol.  I.  — At  the  May  meeting  of  the  Iron  and 
Steel  Institute,  Mr.  Boudouard,  Carnegie  Research  Scholar,  pre¬ 
sented  an  exhaustive  paper  bearing  the  above  title. 

The  work  was  carried  out  at  the  College  of  France,  in  the 

laboratorv  of  Professor  Le  Chatelier. 

The 'paper  is  divided  into  sub-sections  as  follows: 

I.  Historical  review. 

II  Plan  of  experiments.  Measurement  of  the  resistances. 
Description  of  the  apparatus.  Method  of  heating.  Measure¬ 
ment  of  the  temperatures.  Conduct  of  an  experiment. 

III.  Results  of  experiments.  Tables  and  curves. 

IV.  Conclusions. 

In  two  appendices  the  thermo-electricity  of  iron  and  steel, 
and  the  nature  of  the  gases  occluded  in  these  metals,  are  dealt 

Wlth  Among  the  physical  properties  of  iron  and  steel,  the  variations 
of  which  are  characteristic  of  the  points  of  transformation  in  these 
metals  those  of  expansion  and  electric  resistance  form  perhaps 
the  most  instructive  object  of  study.  The  measurement  of  these 
can  in  fact  be  effected  at  constant  temperature,  thus  helping  to 
shorten  the  delays  at  the  points  of  transformation,  the  presence  of 
which  introduces  confusion  into  the  interpretation  of  the  results 
obtained  by  the  observation  of  the  laws  of  the  heating  and  cooling 
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of  steels.  The  difficulties  involved  in  making  the  experiments 
are  perhaps  greater,  but  the  trustworthiness  of  the  conclusions  to 
be  drawn  compensates  largely  for  the  additional  trouble. 

Numerous  experiments  in  the  measurement  of  the  expansion 
of  metals  have  already  been  carried  out  by  Svedelius,  Le  Chatelier, 
Charpy  and  Grenet.  But  an  investigation  of  the  electric  resistances 
at  high  temperatures  has  never  been  undertaken  in  a  comprehen¬ 
sive  manner.  The  experiments  of  Hopkinson  and  Le  Chatelier, 
the  only  ones  hitherto  made,  were  conducted  with  metals  of  un¬ 
known  composition. 

It  is  now  many  years  since  the  first  investigations  relating 
to  the  electric  resistance  of  iron  and  steel  were  published.  In 
I&73>  Benoit  gave  as  the  specific  resistance  of  annealed  steel,  10.99 
microhms,  and  of  annealed  iron,  12.16  microhms.  The  further 
researches  of  Matthiessen  and  Vogt,  of  Schneider  and  Company, 
of  Martens,  Paalzow,  Wedding,  Le  Chatelier,  and  Barrett  defined 
the  influence  of  the  carbon,  the  manganese,  and  the  silicon,  the 
effect  of  the  carbon  being  clearly  less  marked  than  that  of  the 
manganese. 

Many  scientists  have  turned  their  attention  to  the  study  of 
the  electric  conductivity  of  iron  and  steel  in  functions  of  the 
temperature,  and  have  attempted  to  represent  the  law  of  variation, 
either  by  means  of  linear  equations  or  of  parabolic  equations. 

According  to  Harrison  the  curve  of  resistance  for  iron  does 
not  change  its  parabolic  form  until  nearly  8oo°.  It  then  becomes 
linear  and  remains  so  within  the  limits  to  which  the  experiment 
can  be  carried.  On  taking  the  equation  of  resistances  as 
7t~~ro^x  a^'>  Barus  and  Strouhal  found  that  a  diminished  as 
r  increased.  This  formula  holds  good  from  -f-  io°  to  +  350. 
Beyond  this  point,  however,  parabolic  equations  must  be  used, 
the  application  of  which  is  greatly  limited  on  account  of  the 
chemical  or  molecular  changes  which  the  iron  undergoes. 

The  electric  resistance  of  30  to  37  per  cent  nickel  steels  has 
been  studied  by  C.  E.  Guillaume.  The  specific  resistance,  which 
is  ig  an  varies  little  from  one  alloy  to  another,  lies  between 

am  90  centimeter-microhms.  The  electric  resistance  varies 
regularly  with  the  temperature,  even  during  the  magnetic  change. 
Between  20  and  150°  it  may  be  represented  by  a  function  of  the 
second  degree  of  which  the  second  term  is  very  small.  The  less 
."pansn  e  allo\s  vary  more  than  those  with  a  higher  capacity  for 
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expansion.  Annealing  diminishes  the  resistance  slightly  Thus 
in  the  case  of  nickel  steels  new  evidence  is  afforded  that  the 
variation  of  the  electric  resistance  with  the  temperature  cannot 
be  considered  as  simply  due  to  the  expansion. 

The  electric  resistance  is  similarly  influenced  by  t  le  presence 
of  foreign  substances  which  are  to  be  met  with  in  iron  and  steel 
The  influence  of  carbon,  silicon,  manganese,  me  e .  f  c-> 
accordingly  been  determined  by  Le  Chatelier,  and  since  1 
relate  to  the  same  specimens  of  metal  which  have  een  u*e 
the  author  in  the  experiments  about  to  be  described,  a  short  sum 
mary  of  his  determinations  is  given  below : 

Influence  of  the  Carbon 


- - - 

Specific  Resistance  in 

Centimeter-Microhms 

Composition 

c. 

0.06 

0.20 

0.49 

0.84 

1 .21 

1.40 

1. 61 

Mn. 

0.13 

0.15 

0.24 

0.24 

0.21 

0.14 

0.13 

Si. 

0.05 

0.08 

0.05 

0.13 

0.11 

0.09 

0.08 

1 0.0 

12.5 

14.0 

16.0 

18.0 

18.4 

19.4 

The  electric  resistance  thus  each  increase  of  i  per 

average  increment  being  7  .'""f.Tmtoohms  '“r  each  increase 
^^"Tn^^nron  an,  carbon. 
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By  varying  the  silicon  content  the  increase  in  the  resistance 
is  found  to  be  14  microhms  for  each  increase  of  1  per  cent  of  the 
silicon  by  weight,  or  7  microhms  for  an  increase  of  one  atom  of 
silicon  in  100  atoms  of  the  alloy.  The  effect  of  silicon  in  raising 
the  resistance  is  therefore  much  greater  than  that  of  carbon. 

Influence  of  the  Manganese 


Composition 

Specific  Resistance  in 
Centimeter-Microhms 

C. 

Mn. 

Si. 

0.9 

0.24 

O.I 

17.8 

0.9 

0.95 

O.I 

22.0 

1.2 

0.83 

0.2 

24.5 

1.2 

1.8 

0.9 

40.0 

(  66.0* 

1.0 

13.0 

o-3 

|  So.ot 

*  Magnetic.  t  Non-magnetic. 


The  increase  is  about  5  centimeter-microhms  for  each  rise  of 
1  per  cent  in  weight  or  in  atoms  of  manganese. 

In  the  case  of  nickel  the  increase  in  resistance,  with  reference 
to  the  calculation  of  an  alloy  containing  1  per  cent  of  nickel, 
varies  widely  with  the  proportion  of  nickel.  For  alloys  with  a 
total  nickel  percentage  below  5  per  cent,  the  increase  has  been 
found  to  vary  from  3  to  7  microhms  for  every  additional  1  per 
cent  of  nickel. 

1  he  influence  of  chromium,  of  tungsten,  and  of  molybdenum 
in  raising  the  resistance  is  very  small.  This  points  to  the  con¬ 
clusion  that  these  metals  are  isolated  within  the  alloy  in  a  state 
of  definite  combination.  This  view  agrees  also  with  the  results 
formerly  obtained  by  Carnot  in  his  chemical  research  upon  steels 
of  the  same  character. 

Ihe  most  recent  investigations  of  the  influence  of  foreign 
substances  in  iron  upon  the  electric  resistance  of  the  metal  are 
those  of  Benedicks  on  the  one  hand  and  of  Barrett,  Brown  and 
Had  field  on  the  other. 

The  following  equation  has  even  been  drawn  up  by  Benedicks, 
which  enables  the  calculation  to  be  made  of  the  resistance  of 
steel  at  the  ordinary  temperature : 

K  =  7-6  +  26.8  SC. 
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2C  represents  the  percentage  of  the  sum  of  the  hardening 
carbon  and  of  the  other  elements  in  solution,  expressed  in  terms 
of  the  carbon.  That  is  to  say  — 

SC  =  hardening  carbon  +  -  *  *-  (Si)  H - —  (Mn)  +  •  •  • 

20.4  55 

The  resistance  of  pure  iron  is  therefore  7.6  centimeter-microhms. 

Quenching  only  affects  the  electric  resistance  of  steel  when 
it  is  performed  at  a  temperature  above  that  of  the  hardening 
temperature  (700°).  The  resistance  then  continues  to  increase 
as  the  temperature  at  which  quenching  takes  place  is  raised,  the 
value  attained  being  proportionately  higher,  the  richer  the  steel 
is  in  carbon.  The  increase  in  resistance  of  iron  due  to  the  presence 
of  hardening  carbon  averages  45  microhms  for  each  additional 
1  per  cent  of  carbon  by  weight;  or  7  microhms  for  an  increase  of 
one  atom  of  carbon  in  100  atoms  of  the  alloy. 

At  high  temperatures  chromium  accentuates  still  more  the 
increase  in  resistance  which  quenching  would  have  produced  in 
steel  containing  only  carbon.  Tungsten,  on  the  other  hand, 
diminishes  the  resistance.  This  supports  the  conclusion  that 
chromium,  a  metal  analogous  to  iron,  after  quenching,  assumes 
at  least  in  part  the  form  of  an  isomorphous  mixture,  as  do  the 
nickel  and  manganese.  The  tungsten,  however,  appears  both  before 
and  after  quenching  to  remain  isolated  in  the  mass. 

The  most  important  publications  bearing  upon  the  particular 
point  of  view  of  the  allotropic  changes  now  under  consideration 
are  those  of  Le  Chatelier  and  of  Hopkinson. 

Hopkinson  gives  the  following  results:  For  soft  iron  wire, 
the  temperature  at  which  a  change  occurs  is  855°,  and  for  a  piano 
wire  containing  0.724  per  cent  of  carbon  the  temperature  is  812°. 
For  manganese  steel  the  coefficient  of  temperature  remains  con¬ 
stant  up  to  1000°.  For  steel  containing  25  per  cent  of  nickel  the 
change,  which  occurs  during  heating  to  redness,  is  not  reversed 
except  at  a  temperature  below  0°.  This  alloy  is  therefore  able  to 
exist  throughout  a  wide  range  of  temperatures  in  two  different 
states,  one  of  which  is  magnetic  and  the  other  non-magnetic. 

The  following  conclusions  were  arrived  at  by  Le  Chatelier: 
First,  in  the  case  of  iron,  the  change  at  850°,  which  is  difficult 
to  detect  by  means  of  the  calorimetric  method,  is  very  plainly 
indicated  by  the  electric  method.  This  change  would  also  occur 
in  steel  in  the  same  manner  as  in  soft  iron.  On  the  other  hand, 
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the  change  at  750°»  that  at  the  point  of  recalescence,  produce 
a  scarcely  noticeable  effect  upon  the  electric  resistance.  Secondly, 
in  the  case  of  nickel  steels,  the  displacement  of  the  points  of 
transformation  varies  continuously  with  the  composition  of  the 
alloy,  and  the  change  is  not  divided  into  two  stages.  The  nickel- 
iron  alloys  are  not  constituted  by  a  combination  of  the  component 
metals,  effected  by  bringing  them  in  contact  until  one  or  other  is 
in  excess  of  the  required  proportion,  but  they  form  a  chemically 
homogeneous  and  isomorphous  mixture.  Thirdly,  the  investiga¬ 
tion  of  the  electric  resistances  has  enabled  certain  allotropic 
changes  to  be  characterized  which  were  hitherto  unknown.  Par¬ 
ticularly  those  at  730°  in  brass,  at  500°  in  bronze  and  aluminium, 
at  350°  in  zinc,  and  at  690°  in  a  copper-iron-nickel  alloy. 

Acting  on  the  advice  of  Professor  Le  Chatelier,  the  author 
has  therefore  undertaken  a  systematic  study  of  the  variations  of 
the  electric  resistance  of  iron  and  steel  in  functions  of  the  tem¬ 
perature. 

In  pursuing  this  object  he  has  availed  himself  of  the  speci¬ 
mens  which  were  used  by  Madame  Sklodowska  Curie  in  investi¬ 
gating  the  magnetic  properties  of  steels,  and  by  Professor  Le  Cha¬ 
telier  himself  for  his  researches  upon  the  electric  resistance  of 
steels.  These  specimens  of  steel  are  in  the  form  of  square  bars, 
the  side  of  which  measures  1  centimeter,  the  length  being  20  centi¬ 
meters  Some  of  the  bars  are  round,  with  a  diameter  of  one  centi¬ 
meter.  Their  chemical  composition  was  determined  by  Messrs. 
Moutonnet  and  Goutal  in  the  laboratory  of  the  Paris  School  of 
Mines.  It  is  preferable  to  use  specimens  of  a  large  section  rather 
than  simple  wires,  for  the  reason  that  the  homogeneity  of  the 
metal  may  be  better  depended  upon  to  remain  constant  during 
a  series  of  experiments  than  would  be  the  case  if  wires  of  only 
one-half  or  of  one  millimeter  in  diameter  were  used.  If,  for 
instance,  in  the  case  of  steel,  the  conditions  of  test  render  decar¬ 
burization  possible,  the  change  in  the  chemical  composition 
would  extend  throughout  the  whole  mass  in  a  wire  of  small 
diameter,  whereas  in  a  bar  of  large  section  the  effect  would  be 
negligible  since  it  would  be  limited  only  to  a  very  thin  layer  on 
the  surface. 

From  his  exhaustive  and  carefully  conducted  experiments, 
Boudouard  arrived  at  the  following  conclusions : 

The  combined  results  obtained  from  these  experiments  estab- 
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lish  the  perfect  reversibility  of  the  phenomena  of  the  electric 
resistance  of  iron  and  its  alloys  in  functions  of  the  temperature, 
at  least  for  those  temperatures  situated  outside  of  the  zones  in 
which  the  allotropic  changes  occur.  In  the  neighborhood  of 
the  critical  points  the  deviation  between  the  heating  curves  and 
the  cooling  curves,  in  the  case  of  the  carbon  steels,  is  greater  the 
higher  the  proportion  of  carbon.  The  steels  containing  foreign 
metals,  such  as  chromium,  manganese,  or  tungsten,  present  in 
general  distinctive  features  of  the  same  type  as  those  noted  in 
the  case  of  steels  containing  above  1  per  cent  of  carbon.  This 
conclusion  might  have  been  anticipated.  For  since  chemical 
reactions  or  the  allotropic  changes  proceed  with  a  certain  amount 
of  speed  only  while  the  system  is  still  far  removed  from  the  con¬ 
ditions  of  equilibrium,  it  is  probable  that  on  nearing  the  point  of 
transformation  the  changes  proceed  with  extreme  slowness.  In 
the  particular  case  of  iron,  the  changes  will  be  still  further 
retarded  by  the  solid  state  of  the  mass,  and  by  the  presence  of 
carbon  and  of  foreign  metals. 

The  curve  of  the  variations  of  electric  resistance  of  irons  and 
steels  does  not  alter  its  parabolic  form  between  the  ordinary 
temperature  and  that  at  which  the  transformations  begin  to 
occur.  But  from  8oo°  onwards  they  become  linear.  The  fol¬ 
lowing  equations  plainly  represent  the  phenomenon  above  the 
temperature  of  8oo°  :  — 


Steel  with  0.205  per  cent  carbon 
0-493  “ 

0.841  “ 

0.82 

1-05 

1. 16 
1.38 

Chrome  steel,  C  1  •  • 

«  44  C  2  .  . 

44  “  C3  •  • 

Tungsten  steel,  V  1  .  . 

44  “  V  2  .  . 

“  “  V3.  . 


R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 
R  = 


Manganese  steel,  M2 . R  = 

“  "  M  3 . R  = 

Nickel  steel,  Ni . R  = 

“  “  N  2 . R  =  125.7 

44  “  N  3 . R  =  1 18.0 


4-  0.0486  t 
+  0.043  1 
4-  0.023  t 
4-  0.028  t 
4-  0.029  t 
4-  0.0283  t 
97-75  +  0.0301  t 

74.2  4*  0.031  / 

67.55  +  °-017  * 

67.3  4-  0.0255  / 
4-  0.015  t 
4-  0.032  / 
4-  0.0183  t 
4-  0.0226  t 
+  0.033  * 
4-  0.045  * 
4*  0.0305  / 
4-  0.047  t 


42.8 
47.0 
72.7 

92.9 
92.0 
90.6 


67.8 
59.0 
66.4 

92.8 

84.9 

116.7 
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In  the  case  of  the  specimen  of  iron  investigated  by  the 
author,  the  three  following  linear  equations  represent  the  phe¬ 
nomenon  : 


From  655°  to  7750 


R  =  —  51.9  +  0.189  / 
R  =  39-3  +  0.071  / 

R  =  74.4  +  0.031  t 


781°  “  877° 
896°  “  1170° 


In  the  case  of  carbon  steels  the  electric  resistance  increases 
with  the  carbon  content.  The  addition  of  chromium  and  of 
tungsten  increases  the  resistance  sensibly  in  the  ratio  of  1  to  2. 
But  this  ratio  of  increase  is  not  maintained  at  high  temperatures, 
at  which  point  the  chrome  and  tungsten  steels  have  a  degree  of 
resistance  about  equal  to  that  of  carbon  steels.  Manganese  at 
ordinary  temperatures  causes  the  resistance  to  become  at  least 
two  or  three  times  greater.  Nickel  produces  a  much  greater 
increase  in  the  resistance  than  manganese.  In  the  case  of  both 
of  these  metals  the  ratio  of  increase  is  much  less  in  the  hot  state 
than  in  the  cold  state. 


1.  Qarbon  Steels 


The  transformations  A,,  the  point  of  recalescence,  and  A2,  the 
point  of  loss  of  the  magnetic  properties,  in  low  carbon  steels  have 
little  effect  upon  the  electric  resistance.  Their  rate  of  progress 
is  clearly  defined,  and  the  range  of  temperature  is  fairly  wide. 
The  transformation  A3,  on  the  contrary,  is  sudden.  The  electric 
resistance,  after  rising  considerably  above  that  of  the  metal  at 
ordinary  temperature  (it  is  8  times  higher  in  the  case  of  the 
carbon  steels,  4  or  5  times  higher  in  the  case  of  chrome  and 
tungsten  steels,  and  3  times  higher  in  the  case  of  manganese 
and  nickel  steels),  does  not  show  a  sensible  increase  above  this 
temperature.  This  point  of  transformation  is  even  noticeable  in 
steels  containing  0.5  per  cent  of  carbon,  the  temperature  at  which 
it  would  occur  being  in  the  neighborhood  of  8oo°.  The  existence 

o  t  ie  point  A3  in  these  steels  is,  however,  not  established  with 
certainty. 

As  the  carbon  content  gradually  increases,  the  points  A„  A2, 
•  has  alrea<Jy  been  observed,  converge,  until  finally  they 
co.nc.de.  The  phenomenon  of  the  allotropic  change  then  becomes 
very  strongly  marked. 

On  examining  the  curves  appended  to  this  paper,  it  will  be 
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seen  that  the  points  of  the  allotropic  changes  in  the  carbon  steels 
investigated  may  be  fixed  as  follows : 


A* 

A2 

Ai 

Commercial  steel  .  •  • 

Steel  with  0.205  carbon  [  j"  coolinf  ’. 

j  in  heating  . 

Steel  with  0.493  carbon  >  in  cooling  . 

)  mean  .... 

Steel  with  0.841  carbon  1 1"  coolinf  1  ! 

Degs. 

885 

835 

835  v 
825(?) 

825(?) 

Degs. 

775 

780 

792-768 

734-722 

755 

Degs. 

710 

710 

700 

700 

670-722-728-770 

682 

In  the  case  of  the  last  mentioned  steel  the  points  A1(  A2,  Aa 
converge  in  a  single  point  situated,  according  to  the  mean  curve, 
at  the  temperature  of  700°. 

The  heating  curve,  in  the  case  of  steel  containing  0.841 
carbon,  presents  a  peculiar  form.  After  a  change  of  curvature 
at  670°,  it  reaches  a  maximum  point  at  722  >  then  falls  to  a 
minimum  at  728°,  and  becomes  almost  a  straight  line  after  770°. 
It  will  be  noted  that  the  portions  of  the  curve  below  722°  and 
beyond  728°  almost  form  a  prolongation  one  of  the  other,  and 
’bv  joining  direct  the  points  716°,  722°.  72 8°  another  mean 
curve  can  be  constructed  which  brings  out  two  remarkable  points, 
'the  one  at  696°  and  the  other  at  745°-  The  points  696°  and  700 0 
are  evidently  identical. 

With  the  high  carbon  steels  (0.82  to  1.38  per  cent  carbon), 
during  the  period  of  heating  up,  the  pyrometer  indicates  very 
plainly  a  diminution  in  the  rate  of  increase  of  temperature,  and 
sometimes  a  pause.  During  cooling  a  similar  diminution  in  the 
rate  of  -falling  is  to  be  observed,  then  at  a  given  moment  a  very 
clearly  defined  pause,  the  duration  of  which  reaches  seven  or 
eight  minutes. 

The  temperature  of  the  point  of  transformation  (the  point  of 
convergence  of  Alf  A2,  A3)  in  steels  containing  from  0.82  per 
cent  carbon  and  upwards  rises  progressively  from  700°  to  725 0  ; 
that  is  to  say,  it  rises  above  a  minimum  point  corresponding  to 
eutectic  steel. 
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• 

0.82  per 

1.06  per 

1. 15  per 

1.38  per 

cent  Carbon 

cent  Carbon 

cent  Carbon 

cent  Carbon 

Steel 

Steel 

Steel 

Steel 

Point  of  transforma-  ) 
tion  during  heating  \ 

Degs. 

Degs. 

Degs. 

Degs. 

728-760 

730-760 

739 

750 

Point  of  transforma-  ) 
tion  during  cooling  1 

680-667 

695-691 

691 

700 

Mean  .... 

700-710* 

715-720 

7i5 

725 

*  This  result  is  in  absolute  agreement  with  that  obtained  for  steel  with  0.84c  per  cent  carbon 
in  the  preceding  series  of  carbon  steels. 


For  all  these  steels  the  outline  of  the  curves  is  approximately 
the  same;  it  may  be  noted,  however,  that  during  heating  in  the 
case  of  the  0.82  and  1.06  per  cent  steels  that  the  electric  resist¬ 
ance  increases  gradually  throughout  an  interval  of  30°.  In  case 
of  1. 1 5  and  1.38  per  cent  carbon  steels,  on  the  other  hand,  nearly 
the  whole  of  the  increase  in  resistance  occurs  at  constant  tem¬ 
peratures.  The  same  observation  applies  to  the  cooling  curves. 


2.  Chrome  Steels 

The  interpretation  of  these  curves  presents  some  difficulties, 
since  the  evidence  seems  to  support  the  theory  of  two  points  of 


transformation : 

Degs. 

Degs. 

£  (  in  heating 

760-782-788-792 

— 

1  in  cooling 

.  .  — 

716 

p  ^  j  in  heating 

792-809 

—  . 

[  in  cooling 

.  .  — 

719 

p  jin  heating 

3  1  in  cooling 

S09 

_ 

— 

719 

Although  during  the  course  of  the  investigation  of  chrome 
steels,  the  author  noted  some  clearly  defined  arrest  points  in  the 
variation  of  temperature  of  the  bar  under  experiment  at  790° 
during  heating,  but  principally  at  7i6°-7i9°  during  cooling, 
yet  he  is  of  opinion  that  these  points  do  not  correspond  to  the 
transformation  points,  properly  so-called.  They  indicate  that 
the  phenomenon  of  molecular  transformation  had  at  that  moment 
reached  the  point  of  maximum  intensity,  though  it  ought  strictly 
speaking  to  have  begun  at  a  lower  temperature  in  the  heating 
curve  or  at  a  higher  temperature  in  the  cooling  curve,  since  the 


Abstracts 


355 


two  temperatures  should  coincide.  On  comparing  the  heating 
curves  and  cooling  curves,  8,  of  the  chrome  steels,  their  outline 
indicates  clearly  the  existence  of  an  anomaly  at  the  same  tem¬ 
perature.  It  may  be  assumed,  therefore,  that  there  is  only  a 
single  point  of  transformation  in  the  chrome  steels  which  have 
been  examined  occurring  at  the  following  temperatures : 

.  Degs. 

. . 765 

C  . . 75° 

C  3 . 75° 

3.  Tungsten  Steels 

The  points  of  transformation  were  found  to  occur  at  the 


following  temperatures : 

1 

Degs. 

Degs. 

Degs. 

in  heating 

792' 

75°-73° 

— 

V  1  ! 

|  in  cooling 

1  mean 

809-792 

73° 

530-500 

512 

V  2 ! 

'  in  heating 
|  in  cooling 
f  mean 

1  1  1 

780-750 

667 

716 

532-522 

540 

V  3' 

(  in  heating 
)  in  cooling 
(  mean 

1  1  1 

780-75° 

688 

718 

57°-55° 

583 

With  regard  to  the  specimen  V  1  there  may  be  some  doubt, 
but  for  the  specimens  V  2  and  V  3  there  is  no  hesitation  in  fixing 
one  of  the  points  of  transformation  at  the  temperatures  716°  and 
718°,  notwithstanding  that  very  clearly  defined  arrest  points  were 
noted,  as  in  the  case  of  the  chrome  steels,  during  the  change  of 
temperature  of  the  bar  under  experiment.  The  determination  of 
the  temperatures  of  the  points  of  transformation  in  the  tungsten 
steels  V  2  and  V  3  confirms  the  interpretation  of  the  curves  for 
chrome  steels  which  were  previously  given. 


4.  Manganese  Steels 


The  points  of  transformation  were  found  to  occur  as  fol¬ 


lows  : 


(  in  heating 
M  2  ]  in  cooling 
(  mean 


Degs. 

691-72S 

610-600 

655 
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During  heating  the  curve  becomes  distinctly  rectilinear  from 
950°  onwards.  During  cooling  the  curve  is  rectilinear  from 
1170°  to  770°.  From  770°  to  7590  a  slight  rise  in  the  curve  is 
noticeable.  (This  anomaly  is  also  reproduced  in  the  curve  8. ) 

Degs.  Degs. 

( in  heating . 72%~7S°  95° 

M  3  { in  cooling  .  .  .  •  665-658  950 

l  mean .  700  95° 

Above  the  temperature  of  yoo°  both  the  heating  and  the 
cooling  curves,  as  well  as  the  mean  curve,  show  an  angular 
prominence  at  950 °. 


5.  Nickel  Steels 

In  the  case  of  the  nickel  steels  the  following  are  the  points  at 
which  transformation  occurred: 


(  in  heating 
N  1  <  in  cooling 
(  mean 
(  in  heating 
N  2  }  in  cooling 
(  mean 

Sin  heating 
in  cooling 
mean 


Degs. 

Degs. 

750 

— 

648 

639 

700 

660 

700-710 

— 

600 

57* 

655 

581 

710-720 

— 

610 

— 

665 

58i 

The  most  noteworthy  transformation  is  that  which  occurs  at 
the  respective  temperatures  of  700°,  655°,  and  665 °*.  It  was 
observed  both  in  heating  and  in  cooling,  a  circumstance  which 
does  not  characterize  the  transformation  occurring  at  a  lower 
temperature.  This  latter  is  only  noticeable  during  cooling,  but 
the  mean  curve  undergoes  changes  of  direction  at  the  tempera¬ 
tures  of  66o°,  581°,  and  581°,  sufficiently  well  marked  to  enable 
one  to  deduce  the  existence  of  a  molecular  change  at  these  tem¬ 
peratures. 

Remarks. —  (1)  In  the  doubtful  cases,  that  is  in  the  case  of 
the  chrome  and  tungsten  steels,  when  there  are  several  tempera¬ 
tures  which  might  be  assigned  as  the  point  of  transformation, 
it  is  probable  that  the  matter  could  be  cleared  up  by  resorting 
to  microscopic  metallography.  For  instance,  the  examination  of 
quenched  metals  after  having  been  heated  to  temperatures  above 
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and  below  the  critical  points  would  show  the  nature  of  the 
constituents  of  these  metals.  The  author  much  regrets  that 
time  did  not  permit  him  to  undertake  a  research  of  this  kind. 
His  work  would  then  have  been  completed  by  bringing  forward 
experimental  proof  of  a  totally  different  order  in  support  of  the 
conclusions  enumerated  in  Section  IV  of  this  paper. 

(2)  The  composition  per  cent  having  been  given  of  the 
special  steels  investigated  in  this  series  of  research  work,  the 
author  has  been  unable  to  determine  the  specific  influence  of 
the  elements  contained  in  these  steels  upon  the  position  of  the 
critical  points.  This  influence  can  only  be  determined  with 
precision  by  taking  specimens,  which  with  a  given  percentage 
of  carbon/  for  instance,  contain  an  increasing  proportion  of 
foreign  metals  (chromium,  tungsten,  nickel,  manganese,  etc.). 
The  author  hopes  shortly  to  be  in  possession  of  three  such  series 
of  steels  containing  0.125,  0.240,  and  0.800  per  cent  of  carbon, 
the  other  elements  being  present  only  as  traces.  With  these  it 
is  proposed  to  undertake  experiments  with  the  object  of  deter¬ 
mining  the  specific  influence  of  each  metal  upon  the  allotropic 
changes  of  steels. 

Recent  Publications.  —  The  American  Steel  Worker,  by 
F.  R.  Markham;  343  P^es,  8vo.  Illustrated.  The  Derry- 
Collard  Co.,  256  Broadway,  New  York,  1903.  Price,  $2.50. 
This  is  essentially  a  practical  book  written  by  a  practical  man  who, 
to  quote  his  own  words,  has  had  “  a  twenty-five  years’  experience 
in  the  selection,  annealing,  working,  hardening  and  tempering 
of  various  kinds  and  grades  of  steel.”  The  author  deals  ex¬ 
haustively  with  the  treatment  of  steel  in  its  various  phases,  and  his 
book  should  prove  of  much  value  to  those  engaged  in  the  indus¬ 
trial  working  of  steel.  The  illustrations  are  numerous  and  well 
prepared.  A  very  good  index  of  26  pages  is  appended  to  the 
book  The  publishers  will  send  the  book  on  approval  anywhere 
in  North  America. 

Iron,  Steel  and  Other  Alloys,  by  Henry  M.  Howe ;  457  6X9 
in  pages.  120  illustrations.  Sauveur  and  Whiting,  Boston.  Price, 

g.  _ in  this  book  which  marks  an  epoch  in  the  literature  of 

Iron,  Steel  and  other  Alloys,  Professor  Howe  describes,  as  he 
alone  could  do  it,  the  progress  made  within  the  last  twenty  years 
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in  our  knowledge  of  these  metals.  The  table  of  contents  which 
is  here  reproduced  in  full,  shows  the  character  and  exhaustiveness 
of  this  admirable  work.  T|ie  book  also  contains  a  carefully 
prepared  index  of  17  pages. 
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OUTFIT  FOR  THE  MICROSCOPICAL  EXAMINATION  OF 
METALS  AND  ALLOYS 

THE  Frontispiece  shows  the  microscopical,*  photo-micro- 
graphic  and  projection  equipment  of  the  Boston  Testing 
Laboratories.  Every  part  of  this  outfit  was  either  especially  con¬ 
structed  or  selected  with  the  greatest  care  in  view  of  the  special 
needs  of  the  metal  microscopist. 

On  the  light  table  will  be  seen  a  special  microscope  stand,  eye 
pieces,  objectives  and  other  accessories  and  a  Welsbach  Lamp 
and  Condenser.  A  wide  range  of  work  may  be  covered  with  this 
simple  outfit,  the  Welsbach  Lamp  and  Condenser  yielding  a  very 
satisfactory  illumination  for  low  and  medium  high  powers.  In 
many  instances,  it  is  all  that  is  needed. 

On  the  dark  table  will  be  seen  the  same  microscopical  outfit 
together  with  an  illuminating  outfit  consisting  of  an  arc  lamp 
and  a  complete  optical  bench.  The  optical  bench  includes  two 
large  condensing  lenses,  one  water  chamber,  two  Ray  filters,  and 
one  large  Iris  diaphragm.  The  microscope  is  placed  on  the  base 
of  a  vertical  photo-micro  camera.  On  the  wall  to  the  right  is 
a  rheostat  through  which  the  current  is  made  to  pass  before  en¬ 
tering  the  lamp.  This  illuminating  outfit  yields  an  ideal  illumi¬ 
nation,  of  great  intensity  and  steadiness,  unobtainable  by  any 
other  combination.  It  is  the  only  arrangement  by  which  it  is  pos¬ 
sible  to  throw  the  image  of  the  specimen  directly  upon  a  screen. 
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a  beautiful  and  instructive  display.  The  structure  of  the  samples 
may  in  this  way  be  examined  by  any  number  of  observers  simul- 
taneously,  discussed  at  leisure  and  with  greater  profit.  I  he 
direct  projection  affords  also  an  excellent  means  of  drawing  the 
structure,  greatly  superior  to  the  use  of  the  camera  lucida. 

The  image  seen  on  the  screen  represents  the  structure  of  a 
certain  piece  of  white  cast  iron  as  it  appears  when  projected  upon 
it.  The  original  magnification  was  5°°  diameters. 

With  the  assistance  of  a  special  polishing  machine,  it  does 
not  require,  in  the  majority  of  cases,  over  10  minutes  to  polish 
and  otherwise  prepare  a  sample  of  metal  for  microscopical  ex¬ 
amination.  The  image  of  the  structure  may  then  be  thrown  upon 
a  screen  or  photographed  if  desired.  The  exposure  required  with 
the  electric  illuminating  outfit  varies  from  one  to  five  seconds.  By 
using  Carbutt’s  process  plates  and  drying  with  alcohol,  the  nega¬ 
tive  may  be  ready  for  printing  within  half  an  hour  after  the  sample 
has  been  taken  in  hand. 

With  a  Welsbach  lamp  the  time  of  exposure  is,  of  course,  con¬ 
siderably  longer. 


THE  PROPERTIES  OF  STEEL  CASTINGS  * 

By  J.  0.  ARNOLD 


HE  researches  embodied  in  the  papers  of  which  this  is  the 


A  first  were  commenced  about  six  years  ago  in  the  steel¬ 
works  and  laboratories  of  the  Sheffield  University  College.  The 
plan  of  campaign  was  to  determine : 

1.  The  influence  of  chemical  composition  on  the  mechanical 
properties  and  micro-structures  of  steel  castings. 

2.  The  influence  of  annealing  on  the  mechanical  properties 
and  structures. 

3-  T  he  mechanical  influence  of  variations  in  the  specific 
gravities  of  steel  castings. 

4.  The  influence  of  process,  namely,  the  difference,  if  any, 
between  crucible  and  open-hearth  castings. 

5.  The  influence  of  mass— that  is  to  say,  the  difference  be- 
tween  the  properties  of  large  and  small  castings. 


*  Iron  and  Steel  Institute,  May  1901. 
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6.  The  influence  of  heat  treatment  on  annealed  and  unan¬ 
nealed  steel  castings. 

7.  The  influence  of  oil  quenching  on  annealed  and  unapnealed 
castings. 

8.  The  influence  of  silicon  and  manganese  on  the  heat  of 
recalescence  at  the  carbon  change  point,  Arlf  the  object  of  such 
observations  being  to  obtain,  if  possible,  thermal  indications  of 
the  formation  of  double  or  triple  carbides. 

9.  The  relative  properties  of  annealed  castings  and  similar 
steels  after  forging. 


Chemical  Composition 


In  a  research  designed  to  ascertain  the  best  standard  composi¬ 
tion  for  steel  castings,  it  was,  of  course,  necessary  to  bear  in 
mind  the  specifications  at  present  issued  by  engineers  to  ensure 
high-class  material.  A  common  specification  demands  a  maxi¬ 
mum  stress  of  about  30  tons  per  square  inch — an  elongation  of 
20  per  cent  on  2  inches,  and  a  bending  angle  on  an  inch  square 
bar  of  at  least  90°.  In  order  to  ascertain  the  influence  of  chem¬ 
ical  composition  on  attaining,  excelling,  or  falling  short  of  the 
above  requirements,  it  was  decided  to  manufacture  series  of  cast¬ 
ings  in  three  distinct  chemical  groups. 

Group  A. — Nearly  pure  iron  and  carbon  castings,  in  which 
silicon,  manganese,  sulphur,  and  phosphorus  should  be  kept  low. 

Group  B. — Iron,  carbon,  and  silicon  castings,  all  other  ele¬ 
ments  low. 

Group  C.— Iron,  carbon,  and  manganese  castings,  low  in 
other  elements. 


Group  A.-— Iron  and  Carbon  Castings 


The  group  dealt  with  in  the  present  paper  is  A.,  consisting 
practically  of  iron  and  carbon.  This  group,  although  perhaps 
the  least 'interesting  from  a  practical  works  point  of  view,  is 
reallv  of  vital  importance,  because  it  forms  the  base-line  from 


resulted. 
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To  include  all  the  castings  which  have  been  made  and  tested 
in  Group  A.  would  inordinately  lengthen  the  paper.  The  results 
set  forth  in  Table  I.  must  therefore  be  regarded  as  merely  typical, 
and  the  castings  therein  have  been  selected  to  give  a  fair  view 
not  only  of  the  influence  of  carbon  on  iron,  but  also  to  record  a 
due  proportion  of  those  mysterious  variations  which  set  at 
defiance  both  the  skill  of  the  practical  man  and  the  science  of 
the  theorist.  On  reference  to  the  table  it  will  be  seen  that  the 
series  consists  entirely  of  crucible  steel  manufactured  from  best 
Swedish  iron.  It  will  be  shown  in  Part  II.  that  it  is  quite 
unnecessary  in  general  works  practice  to  employ  such  a  costly 
base.  The  castings  were  made  in  dry  composition  moulds  in 
the  form  shown  in  Fig.  i,  namely,  a  group  of  four  bars  about 
inches  round,  and,  of  course,  tapered  to  avoid  “  pulling.  ” 
From  the  3-inch  round  head  four  feeders  arranged  cruciformly 
lead  to  the  actual  bars,  the  whole  group  weighing  about  28  lbs. 


Fig.  1. 


Two  of  the  bars  were  broken  off  to  be  annealed,  the  other  two 
being  tested  as  cast.  From  such  a  casting  sets  of  test-pieces 
containing  tensile,  compression,  bending  and  specific  gravity 
pieces,  together  with  micro-sections  of  the  material  both  as  cast 
and  after  annealing,  are  readily  obtained. 

It  will  be  seen  that  in  the  seventeen  castings  selected  as 
types  for  Group  A.,  the  carbon  varied  from  0.06  to  1.95  per  cent. 
It  is  hardly  necessary  to  add  that  only  castings  above  suspicion 
as  regards  soundness  were  included. 


Sizes  of  Test-Pieces 

Tensile.  —  0.564  inch  diameter,  or  0.25  square  inch  area,  and 
2  inches  parallel. 

Compression.  0.564  diameter,  or  0.25  square  inch  area,  and 
2  diameters  long. 

Bending.  —  10  inches  long  and  ^-inch  diameter. 
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Micro-sections.  —  Transverse  only  (the  material  being  cast), 
J4- inch  diameter  by  1/10-inch  thick. 

Specific  Gravity.  —  Polished  bars  2  inches  long  and  ^jj-inch 
diameter. 


Method  of  Annealing 

The  bars  being  somewhat  small,  it  was  necessary  to  protect 
them  from  undue  scaling.  They  were  therefore  annealed  in 
covered  cast-iron  boxes  filled  with  quicklime.  During  the 
annealing  process  the  boxes  were  maintained  at  a  temperature 
of  about  950°  C.  for  about  seventy  hours.  The  castings  were  cool 
enough  for  drawing  in  about  another  hundred  hours.  The  cool¬ 
ing  curve  of  the  furnace  is  shown  in  Fig.  2,  the  co-ordinates  being 
time  and  temperature.  The  readings  were  taken  every  fifteen 
minutes  by  students  working  in  shifts,  and  the  temperature 
of  the  furnace  during  the  annealing  operation  was  pyrometri- 
cally  controlled  by  experienced  students. 

It  will  be  noted  that  the  capability  of  the  constituents  to 
segregate  ceases  about  twenty  hours  after  luting  up  the  furnace ; 
in  fact  the  vital  range  of  temperature  in  which  is  determined 
the  ultimate  structure  of  ordinary  castings,  namely,  from  750° 
to  550°  C.  occupies  only  thirteen  hours.  1  he  prolonged  period 
of  slow  cooling  from  550  to  say  30°  has  little  influence  on  the 
structure,  but  is  highly  necessary  from  a  physical  point  of  view 
in  connection  with  the  question  of  the  unequal  contraction  of 
varying  masses  when  cooled  too  quickly. 

In  spite  of  the  precautions  taken  to  prevent  undue  oxidation, 
it  will  be  seen  that  during  the  annealing  decided  decarbonization 
has  taken  place  in  the  supersaturated  castings,  the  figures  given 
being  the  mean  carbon  of  the  tensile  test-pieces.  These  results 
show  how  much  more  readily  the  carbon  in  cementite  is  oxidized 
than  that  in  martensite. 


Consideration  of  the  Results-Specific  Gravity 

The  specific  gravity  results  have  been  quite  negative.  The 
onlv  noticeable  feature  is,  that,  as  a  rule,  but  not  invariably,  the 
specific  gravity  rises  slightly  on  annealing,  but  speaking  broadly 
no  correlation  has  beeh  established  between  the  densities  of  the 
castings  and  their  mechanical  properties-a  disappointing  result, 
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because  much  labor  has  been  expended  on  this  branch  of  the 
investigation. 


Chemical,  Mechanical,  and  Micrographic  Correlation 

The  two  castings  FeB  and  4 73>  both  of  nearly  pure  iron, 
both  annealed  under  like  conditions,  present  specimens  of  those 
almost  disheartening  discrepancies  which  the  practical  steel 
metallurgist  has  from  time  to  time  to  face.  FeB  probably 
constitutes  a  record  for  iron  and  carbon  crucible  steel  castings. 


4  5  cast . 


alco- 


Magnified  200  diameters.  Magnified  460  diameters. 

It  is,  after  the  annealing  operation,  to  all  intents  and  purposes 
equal  to  forged  dead  mild  steel.  On  the  other  hand,  473  not 
only  gave  vastly  inferior  mechanical  results,  but  was  not 
mechanically  amenable  to  the  influence  of  annealing,  although 
its  structure  was  completely  changed  during  the  operation.  In 
view  of  these  facts,  the  micrographic  examination  was  made  as 
thorough  as  possible.  In  the  steels  as  cast  there  existed  lift  e 
or  no  difference  between  their  curious- structures.  (See  Micro¬ 
graphic  key.)  After  annealing,  the  intensely  crystalline  structure 
of  473  came  up  with  very  slight  etching,  whilst  c*tens  panbus 


KEY  TO  THE  MICROGRAPHIC  ANALYSIS  OF 
CASTINGS  IN  TABLE  I 


Mark 


FeB 


FeB 


473 

473 


52i 

52i 

458 

458 


5*8 

5*8 

CC 


Carbon 


.07 


.07 


.06 

.06 


Condition 


As  cast 


Annealed 


As  cast 
Annealed 


.18 

As  cast 

.16 

Annealed 

•37 

As  cast 

•37 

Annealed 

•37 

As  cast 

•37 

Annealed 

.42 

As  cast 

Micro-structure 


See 
(Magnified 


Pearlite  and  cementite  practically  absent.  Ir¬ 
regular  particles  of  pale  ferrite  mixed  with 
about  equal  sectional  areas  of  dark  etching 
ferrite,  looking  almost  like  manganiferous 
pearlite.  These  darker  areas  evidently  con¬ 
tain  a  minute  quantity  of  finely  divided  car¬ 
bide.  Very  drastic  etching  was  necessary 
to  bring  up  this  structure,  which  looks  almost 
like  that  of  a  0.45  per  cent,  normal  carbon 

steel.  See  Micrograph  473  ”  heB. 

&  1  as  cast  as  cast 

On  light  etching  isolated  particles  of  laminated 
pearlite  surrounded  by  and  with  offshoots  of 
cementine  showed  themselves.  The  ferrite 
did  not  etch  brightly,  and  the  crystalline 
junctions  were  practically  undeveloped. 

Micrograph 

annealed  annealed 

200  dias.) 

On  deep  etching  the  close  crystalline  joints  be¬ 
came  visible,  showing  here  and  there  isolated 
bits  of  dark  pearlite  and  streaks  of  cementite 
between  the  junctions.  The  ferrite  crystals 
are  very  large,  and  sometimes  exhibit  within 
them  parallel  lines.  See  Micrograph 
473  ~  FeB.  .  . 

annealed  annealed  (Magmfied  400  dias.) 

Same  as  heB  as  cast.  See  Micrograph. 

Light  etching  brought  up  well-marked  ferrite 
crystals,  some  pale,  some  gray-brown.  A 
few  isolated  patches  of  laminated  pearlite 
surrounded  by  cementite  were  also  visible. 
Crystals  rather  small.  See  Micrograph.  (Mag¬ 
nified  200  dias.) 

On  deep  etching  the  crystalline  joints  were 
very  broad,  presenting  the  appearance  called 

fied  Xy2s°)Se”  S“  MiCr°graph  (maeni- 

Ground  mass  of  small  ill-defined  ferrite  crystals, 
with  elongated  or  rounded  patches  of  granu- 
lar  pearlite.  Micrograph  521. 

Ferrite  crystals  large  and  well  defined.  Pearl¬ 
ite  m  large  isolated  masses  partly  surrounded 
by  cementite  Micrograph  521. 

Irregular  trellis-work  pattern  of  ferrite  and 
pearlite. 

Pearlite  areas  somewhat  small  and  badly  de¬ 
fined  owing  to  segregation  of  the  caVbide 
stria-  into  massive  cementite.  Ferrite  crys¬ 
tals  not  very  large.  } 

Same  as  458  as  cast. 

'^pearlite  areM.rySta'3  “d  —-^ed 

The  micro-section  from  this  piece  was  lost 
458  as°!Lrm0ry  US  S‘rUC,Ure  "as  much  “ 


(Continuation.) 


Mark 

I  Carbon 

I  Condition 

CC 

.40 

Annealed 

54i 

.44 

As  cast 

54 1 

Annealed 

CC*2 

.48 

Ax  cast 

CC2 

.50 

Anneale/J 

VJ| 

.50 

Ax  cast 

VB 

•54 

Annealed 

SJ7 

.56 

As  cast 

5*7 

•5o 

Annealed 

556 

.60 

As  cast 

.60 

Annealed 

601 

j  -7° 

Ax  cast 

6of 

•72 

Annealed 

<59 

M 

As  cast 

459 

Jk> 

Annealed 

£2  4 

•97 

As  cast 

524 

83 

Annealed 

460 

1,29 

As  cast 

460 

r. 10 

Annealed 

522 

i*95 

As  cast 

522 

f.IO 

Annealed 

573 

1,76 

As  cast 

573 

*.38 

Annealed 

Micro-structure 


piectu  enveloped  to  xome  extent  in  wallx  of 

cementite. 

Much  ax  458  an  cast. 

Much  ax  518  annealed. 

Irregular  trellis-like  [pattern  of  mixed  ferrite 
and  granular  pearlile.  Jxmg  lines  of  ferrite 
broken  in  two  longitudinally  by  dark-brown 
line*  of  sulpho-xilicide  of  iron  (?).  See  Micro* 
graph. 

Well-marked  and  moderately  large  iron  crys¬ 
tal*.  with  large  segregated  patches  of  lami¬ 
nated  pearl ite  partly  enveloped  in  cememite. 
See  Micrograph.  In  another  section  from 
this  canting  the  lamination  of  the  pearlite 
area*  wax  not  so  well  marked. 

Much  ax  458,  but  pearlite  area  larger 

Same  ax  518  annealed,  but  pearlite  areax  larger 
and  ferrite  areax  xmaller  in  extent. 

Ordinary  trellis  pattern  with  xome  brown  linex 
of  sulpho-xilicide  of  i vsn(i)  in  the  ferrite. 
See  Micrograph. 

large  patches  of  ferrite  and  pearlite,  the  latter 
largely  laminated,  but  often  the  pearlite  lami¬ 
na:  ha/1  xegregatcd  into  patchex  of  maxxive 
cementite.  See  Micrograph. 

Trellix-work  pattern  of  ferrite  and  granular 
pearlite,  the  latter  being  the  greater  in  area. 

Ferrite  xegregated  from  the  pearlite  in  patchex. 
Fe»C  in  pearlite  xhowing  a  tendency  to  segre 
gate  into  patchcx  rather  than  laminar. 

Cell*  of  granular  pearlite  xurrounded  by  wallx 
of  ferrite.  Patchex  of  xulphidc  of  iron  con¬ 
centrated  into  the  ferrite  wallx  were  very  dis- 
tinct,  evolving  Hj.S  on  etching. 

Pearlite  ax  xuch  practically  al/xent.  Carbon 
dixtributed  through  the  ferrite  in  rounded 
globulex  of  FegC. 

Ill-defined  cryxtalx  of  granular  pearlite  with 
xmall  patchex  of  ferrite.  See  Micrograph, 

laminated  pearlite  with  xome  patchex  of  white 
ferrite.  See  Micrograph. 

Granular  or  xiightly  laminate/1  pearlite. 

Granular  or  xiightly  laminated  pearlite. 

Cells  of  granular  pearlite  enveloped  in  wallx  of 
cementite,  Streakx  of  the  latter  alxo  within 
the  cells.  See  Micrograph. 

Cells  of  laminated  pearlite  with  envelope*  of 
cementite ;  a  few  patchex  of  sulphide  of  man¬ 
ganese  visible.  See  Micrograph. 

Ground  maxs  of  granular  pearlite  ccllx  with  en¬ 
velopes,  xtreakx,  and  patches  of  cementite. 
See  Micrograph. 

Cell*  of  ferrite  dotted  with  little  patchex  of 
cementite  and  surrounded  by  thick  walls  of 
cementite.  See  Micrograph. 

Much  like  522  as  cast.  .  .  , 

Mu/h  like  522  annealed,  except  that  nodules 
and  thin  rods  of  graphite  are  here  and  there 
visible. 
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no  structure  developed  in  FeB.  On  deeply  etching  the  two 
under  exactly  the  same  conditions,  FeB  presented  very  large 
ferrite  crystals  with  close  joints,  whilst  473  showed  small  ferrite 
crystals  with  lose  junctions  — that  is  to  say,  the  etching  acid 
developed  broad  spaces  between  them. 

The  present  case  is  only  one  of  many  in  the  author's  experi¬ 
ence  in  which  very  large  crystals  have  been  associated  with 
extreme  ductility.  This  would  seem  to  suggest  that  the  con¬ 
dition  of  the  joints  rather  than  the  size  of  the  crystals  is  the 


Magnified  200  diameters.  Magnified  315  diameters. 

important  mechanical  factor.  But,  however  this  may  be,  we 
are  dealing  with  an  effect  rather  than  a  cause.  What  is  the 
cause  which  produces  such  differing  crystalline  and  mechanical 
properties?  Chemical  analysis  being  practically  the  same  and 
the  annealing  conditions  identical,  there  remains  only  one  other 
condition  not  under  control,  and  that  is  the  initial  temperature 
of  the  casting.  It  would  almost  seem  that  this  may  determine 
a  crystalline  habit  which  survives  even  the  drastic  operation  of 
annealing  applied  to  steel  castings.  Whether  this  idea  is  well 
or  ill  founded  can  only  be  proved  when  scientific  pyrometry  can 
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under  practical  conditions  measure  the  temperature  of  molten 
steel,  a  feat  which  up  to  the  present  it  has  entirely  failed  to 
perform. 

Passing  to  the  next  casting,  521,  it  will  be  noticed  that 
increasing  the  carbon  from  .06  to  .18  does  not  alter  the  elastic 
limit  or  maximum  stress,  and  the  ductility  lies  between  the 
results  registered  for  the  good  and  bad  dead  mild  castings,  respec¬ 
tively  FeB  and  473.  It  will  have  been  remarked  that  all 
the  castings  hitherto  considered  have,  both  as  cast  and  after 
annealing,  bent  double  cold  without  flaw. 

A  reference  to  the  micrographs  of  521  as  cast  and  after 
annealing  will  show  that,  as  in  the  case  of  FeB,  the  annealed 
sample  presents  much  larger  crystals  of  ferrite  and  masses  of 
pearlite  than  are  present  in  the  steel  as  cast.  '  Nevertheless  the 
ductility  of  the  annealed  is  distinctly  greater  than  that  of  the 
unannealed  metal. 

The  very  mild  castings  hitherto  considered  are,  however, 
undesirable  for  general  constructive  purposes,  and  suitable  only 
for  dynamo  work. 

The  next  casting  of  the  series,  namely,  458,  contains  0.37 
per  cent  of  carbon,  and  the  influence  of  this  element  now  begins 
to  make  itself  decisively  felt  by  raising  the  maximum  stress 
about  2  tons  per  square  inch  and  much  lowering  the  ductility, 
especially  in  the  unannealed  bars. 

As  the  carbon  in  this  casting  is  about  the  average  amount 
employed  for  general  work,  three  other  castings,  namely,  518,  CC 
and  541  of  similar  carbon,  were  selected  so  as  to  make  a  series 
of  four  which  should  embody  the  variations  met  with  in  general 
practice  with  castings  of  almost  identical  chemical  composition. 
Unfortunately,  upon  these  mechanical  variations  the  micro-struc¬ 
tures  throw  little  or  no  light.  The  mechanical  discrepancies  in 
nearly  pure  iron  and  carbon  castings  containing  about  0.4  per 
cent  of  the  latter  element  may  be  thus  summarized : 

In  the  metal  as  cast,  the  elastic  limit  varies  from  13.3  to  17  2 
tons  per  square  inch,  and  the  maximum  stress  from  21.8  to  24.6 
tons,  the  elongation  per  cent  on  2  inches  varies  from  5  to  8.4 
and  the  reduction  of  area  per  cent  from  5.9  to  12.3.  The  bend¬ 
ing  angles  range  from  320  to  90  . 

In  the  annealed  castings,  the  elastic  limit  varies  from  9  to  12.2 
tons  per  square  inch,  and  the  maximum  stress  from  20.8  to  24 
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tons.  The  ductility,  as  measured  by  elongation  per  cent,  on 

2  inches,  varies  from  12.5  to  24.5,  and  the  reduction  of  area 
from  16  to  29  per  cent.  The  annealed  bars  all  bent  double 
without  flaw. 

Passing  now  to  about  l/i  per  cent  of  carbon,  the  casting  CC2 
exhibited  very  puzzling  properties.  The  bars  as  cast,  fractured 
so  suddenly  that  no  difference  was  observed  between  the  elastic 
limit  and  maximum  stress,  although  the  slight  elongation  of 

3  per  cent  proves  that  some  difference  must  have  existed. 


The  bending  angle  was  trifling,  being  only  12 On  annealing, 
tie  e  astic  limit  fell  from  18  to  15  tons  per  square  inch,  whilst 
the  maximum  stress  rose  from  i8j4  to  26 ^  tons.  The  elongation 
gave  or  0.5  per  cent  of  carbon  the  high  figure  of  20.5  per  cent, 
11  St  1  le  or^ucti°n  of  area  was  only  16  per  cent,  and  the  bend- 
ln*  anf>  e  .  The  result  last  named  is  quite  abnormal.  As  a 
rule,  a  casting  elongating  20  per  cent  will  bend  double  without 
.  .  ,A  stud-v  of  ^e  micro-sections  of  CC2  will  reveal  vital 
principes  connected  with  the  mechanical  properties  of  small 
nannealed  castings  low  in  manganese  and  high  in  silicon. 


The  Properties  of  Steel  Castings 


13 


The  brittleness  of  the  unannealed  bars  seems  due  to  two  main 
causes.  First,  imperfect  adhesion  between  the  long,  sharp 
junction  lines  of  the  constituents.  Although  the  latter  exhibit 
sectionally  a  trellis-like  form,  their  solid  geometry  really  con¬ 
sists  of  dark  etching  elongated  cells  of  granular  pearlite,  sur¬ 
rounded  by  pale,  thick  walls  of  ferrite.  But  the  second  cause, 
namely,  the  brown  lines  running  almost  exclusively  through 
the  ferrite,  and  enclosing  large  groups  of  the  two  constituents, 
is  distinctly  the  more  potent  factor  producing  brittleness.  These 
lines  of  extreme  weakness  will  be  dealt  with  more  fully  under 
Group  B.,  namely,  the  iron,  carbon,  silicon  series;  but  it  may 
be  well  here  to  make  a  few  preliminary  remarks  on  their 


nature. 

Several  years  ago  the  author  showed  to  his  friend,  Mr.  J.  E. 
Stead,  these  curious  enveloping  films,  and  at  Middlesbrough 
Mr.  Stead  independently  confirmed  their  existence  in  small 
castings.  Both  Mr.  Stead  and  the  author  are  agreed  as  to 
their  fatal  mechanical  effects.  Mr.  Stead,  however,  is  inclined 
to  consider  them  of  a  scoriaceous  nature,  that  is,  a  readily 
fusible  dissolved  slag  segregating  during  cooling.  The  author 
has  not  been  able  to  confirm  this  view,  because  before  etching 
they  are  invisible,  and  hence  apparently  of  a  metallic  nature. 
The  author  regards  them  as  a  fusible,  metallic  sulpho-silicide  01 
iron,  segregating  in  a  minutely  granular  form.  Indeed,  Mr. 
Stead  has,  bv  differential  sieving,  obtained  from  castings  ex¬ 
hibiting  this  phenomenon  a  residue  high  in  silicon  and  sulphur. 
These  envelopes  are  dangerous  only  in  small  medium  carbon 
castings:  their  more  detailed  description  may  be  advantageously 
left  until  Part  II.  of  this  paper  is  reached,  because  b>  that  tune 
additional  observations  by  other  workers  may  be  available  to 

assist  in  deciding  as  to  their  actual  these 

In  the  meantime  it  may  be  remarked  that  the  lines  of  these 
sectional  meshes  are  often  defined  on  etch.ng  bv  an  evoluuon 
ofHSeas  which  covers  the  iron  adjacent  to  the  lines  u.th 

irid^L^ulphide  films.  On  annealing  are 

sulphide  of  iron.  (See  *  of  sharp.  intercom 

•I— •,,0g'U"rll„i  r»e  mere.*  »»< 

r  o«i  <”  1  ^ 
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ing  steel  castings,  particularly  those  in  which  carbon  and  silicon 
constitute  the  bulk  of  the  foreign  elements  present. 

The  author  will  in  Part  II.  present  the  curious  paradox  that 
a  small  percentage  of  sulphur  is  actually  more  favorable  to  the 
production  of  the  dangerous  films  just  described  than  a  relatively 
large  amount  of  sulphur.  With  reference  to  the  action  of 
annealing  on  the  carbide  of  0.4  per  cent  carbon  steels,  the 
following  explanation,  which  excludes  ultra-scientific  theories,  is 
practically  and  substantially  accurate.  On  heating  the  casting 


Magnified  460  diameters.  Magnified  460  diameters. 


111  the  annealing  furnace  to  a  temperature  of  about  700°  C.,  the 
compound  pearlite  areas,  which  consist  of  87  per  cent,  of  iron 
intimately  mixed  with  13  per  cent,  of  normal  carbide  of  iron, 
he3C,  pass  at  Osmond’s  point,  Ac  1,  into  the  simple  constituent 
martensite,  a  highly  attenuated  but  definite  alloy  corresponding 
to  tlie  formula  Fe21C.  Then,  as  the  temperature  further  rises 
k  ween  700  and  800“  C  the  points  Ac2  and  Ac3  are  passed, 
and  the  martensite  and  ferrite  areas  gradually  interpenetrate 
until  molecular  equilibrium  is  established  and  the  mass  is 
lomgeneous.  On  cooling,  the  constituents  ferrite  and  marten- 
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site  commence  to  segregate  at  about  750°  C.  and  at  700°  are 
distinct,  the  martensite  having  gathered  into  large  irregular 
masses,  and  the  ferrite  into  allotrimorphic  crystals.  At  about 
650°  C.  ( Ar  1 )  the  martensite,  Feu C,  decomposes  into  pearlite 
(21  Fe+Fe,C).  Passing  from  650°  to  550°  C.,  the  Fe,C 
segregates  first  into  laminae,  then  partially  into  imperfect  en¬ 
velopes  surrounding  the  pearlite  areas,  and  finally,  if  the  cooling 
be  very  slow,  into  isolated  patches  ;  so  that  pearlite  proper  has  dis- 
appeared,  and  the  areas  it  formerly  constituted  become  really  fer¬ 
rite  containing  isolated  globules  of  cementite.  W  hichever  stage 
of  the  annealed  structure  ultimately  remains,  the  mechanical  qual¬ 
ity  of  the  castings  is  greatly  improved,  but  in  varying  degrees. 
This  subject  will  be  better  finally  dealt  with  after  the  data  on  the 
heat  treatment  of  unannealed  and  annealed  castings  have  been 


presented. 

Proceeding  with  the  consideration  of  the  results  embodied  in 
the  table,  the  casting  YB  is  reached,  in  which  the  carbon  is  a 
little  over  0.5  per  cent.  This  steel,  when  compared  with  CC2, 
presents  some  remarkable  mechanical  discrepancies  in  the  an¬ 
nealed  metal.  The  elastic  limit  is  only  10.5  tons  per  square  inch 
as  against  15.2  tons  in  CC2.  Although  the  elongation  per  cent  of 
YB  is  4.5  per  cent  lower  than  CC2,  nevertheless  YB  has  bent 
through  1800  against  the  86°  of  CC2.  The  micrographic  analysis 
does  not  seem  to  reveal  any  differences  in  structure  capable  of 
accounting  for  these  curious  variations.  Also  in  the  case  of  517  * 
will  be  noted  that  an  elongation  of  only  10  per  cent  is  accompame 

by  a  bending  angle  of  135°  _  , 

Passing  next  to  55*.  which  contains  0.6  per  cent  of  carton, 

it  is  evident  that  a  critical  mechanical  pomt  has  been  ^^d, 
accompanied  by  a  decisive  falling  off  m  duct.hty  and  in  tins  par¬ 
ticular  casting  the  elastic  limit  and  max, mum  stress  are  also  tery 


PO°rThe  carbon  being  well  over  the  semi-saturation  point  (0.45 
per  cent),  the 

in  the  annealed  bars  of  55^  ^,e  1  T  •  therefore  pos- 

tent  decomposed  into  globules  of  cemerM  e.  contraction, 

sible  that,  owing  to  them  detached  than- 

these  segregated  ccmenute  pa  jnnun,erable  flaws,  which 

selves  from  the  ferrite,  thus  b  SHCj,  view 

account  for  the  unsatisfactory  mechamcal  tests.  But 
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is  not  easily  reconciled  with  the  properties  of  the  next  casting, 
601,  which  contains  0.7  per  cent  of  carbon,  and  in  the  annealed 
sample  of  which  the  globular  segregation  of  the  pearlite  laminae 
into  cementite  is  even  more  marked  than  in  556.  It  is  true  that 
601  has  little  ductility,  but  its  maximum  stress  is  over  30  tons, 
or  nearly  twice  that  of  556. 

From  601,  carbon  0.7  per  cent,  to  460  carbon,  about  1.1  per 
cent,  the  maximum  stress  fluctuates  from  24  to  30  tons,  the 
latter  evidently  being  the  usual  stress,  the  former  the  exception. 


Magnified  65  diameters. 


Magnified  65  diameters. 


From  556  to  the  end  of  the  series,  ductility  has  practically 
vanished,  if  we  exclude  the  slight  recrudescence  shown  in  the 
bending  angle  of  524,  which  curiously  registered  50°. 

522  and  573  show  that  very  high  carbon  castings,  both  as  cast 
and  after  annealing,  can  rank  only  with  good  gray  iron  castings. 

The  micrographs  of  522  as  cast  and  after  annealing  are  in¬ 
teresting.  It  will  be  seen  that  during  annealing  a  considerable 
amount  of  cementite  was  oxidized.  In  the  annealed  bar  the 
residual  cementite  formed  large  cell  walls,  originally  containing 
pearlite,  but  during  the  slow  cooling  the  pearlite  laminae  segre- 
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gated  into  short  thick  plates,  which  no  doubt,  with  still  slower 
coo  mg,  would  have  ultimately  become  isolated  globules.  In  this 
case  there  is  no  doubt  that,  owing  to  their  different  contraction 
coe.  lcients,  l  ie  cementite  walls  partially  pulled  away  from  the 
cells  they  envelop.  In  fact,  this  section  is  typical  of  a  No  r 
cemented  bar.  ' 


The  remarkable  mechanical  variations  so  frequently  referred 
to  make  it  impossible  to  plot  curves  in  which  carbon  is  coordinated 
with  the  maximum  stress  or  elongation,  but  taking  the  annealed 
bending  tests  and  excluding  the  obviously  abnormal  cases  of  CC2 
and  524.  a  curve  is  obtained  which  represents  with  approximate 
accuracy  the  influence  of  carbon  on  annealed  iron  castings.  The 
results  are  plotted  in  Fig.  2,  in  which  the  coordinates  are  carbon 
per  cent  and  bending  angles  in  degrees. 

It  will  be  noted  that  after  the  carbon  reaches  about  0.55  per 
cent  there  is  a  sudden  drop  in  the  ductility,  the  latter,  so  far  as 
practical  test  purposes  are  concerned,  having  virtually  disap¬ 
peared. 

The  compression  tests  call  for  no  particular  comment  beyond 
remarking  that  the  capability  for  compression  falls  with  the  car¬ 
bon  in  the  steel  as  cast  from  63  per  cent  in  the  nearly  pure  iron 
to  17.3  per  cent  with  1.8  per  cent  of  carbon.  After  annealing, 
in  the  great  majority  of  cases,  the  percentage  of  compression  reg¬ 
istered  is  only  slightly  increased,  showing  that  the  causes  pro¬ 
ducing  remarkable  weakness  in  tension  have  relatively  little  effect 
when  the  material  is  in  compression. 


Heat  Treatment 

Heat  treatment,  generally  somewhat  vaguely  called  anneal¬ 
ing,  is  usually  only  of  academic  interest,  but  in  the  present  paper 
it  calls  for  consideration  in  view  of  the  unfortunate  fact  that 
experimentalists  are  apt  to  generalize  from  laboratory  results 
obtained  with  small  plain  bars,  and  put  forward  their  data  as 
available  for  guidance  in  works  practice.  In  the  majority  of  in¬ 
stances  such  a  view  is  erroneous  and  misleading.  It  has  been 
more  than  once  urged  that  the  annealing  process  used  by  the 
author  is  unnecessarily  drastic,  and  if  in  practice  only  little  bars 
such  as  are  usually  employed  in  laboratory  practice  were  con¬ 
cerned,  this  criticism  would  be  sound.  But  such  is  not  the  case. 
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In  large  castings  there  often  exist  juxtaposed  light  and  heav) 
heavy  masses.  The  former  reach  the  maximum  annealing  tem¬ 
perature,  say  950°  C.  or  a  light  red  heat,  long  before  the  heavy 
parts  of  the  casting  are  anywhere  near  that  temperature  through¬ 
out  their  mass,  and  hence  before  such  heavy  parts  are  in  a  state 
of  thermal  and  molecular  equilibrium.  It  is  therefore  necessary 
to  gradually  soak  such  castings  for  prolonged  periods,  occupying 
not  hours  but  days,  in  order  to  bring  both  light  and  heavy  parts 
to  a  common  temperature.  It  is  also  equally  necessary  to  allow 
very  gradual  cooling,  so  as  to  avoid  highly  dangerous  contraction 
stresses,  which  would  inevitably  be  set  up  if  such  castings  were 
allowed  to  cool  in  air. 

Although  the  cooling  condition  just  named  has  in  the  writer’s 
experience  given  the  best  mechanical  and  structural  results,  it  is, 
of  course,  quite  inapplicable  to  large  and  complex  castings. 

Through  the  courtesy  of  Mr.  Robinson,  managing  director, 
and  Mr.  Jobson,  chief  chemist,  at  Messrs.  William  Jessop  &  Sons, 
Limited,  the  author  is  able  to  bring  before  the  attention  of  the  In¬ 
stitute  a  curious  incident  observed  by  Mr.  Jobson.  During  the 
annealing  of  a  huge  marine  casting,  the  latter,  as  usual,  had  cast 
upon  it  in  various  parts  several  test  bars.  All  but  one  of  these 
gave  excellent  mechanical  tests.  Pieces  of  a  good  and  a  bad  test 
bar  were  sent  to  the  author  for  micrographic  examination,  and 
his  results  exactly  confirm  those  of  Mr.  Jobson.  The  annealed 
structure  of  the  good  steel  (carbon  0.3  and  manganese  0.6  per 
cent)  consisted  of  a  ground  mass  of  ferrite,  in  which  the  areas 
formerly  pearlite  had  passed  into  small,  ill-defined  particles  of 
„  cemendte.  But  the  bad  test  bar  showed  the  remarkable  trellis¬ 
like  section  characteristic  of  brittle  because  unannealed  castings. 
This  structure  is  shown  in  the  micrograph  marked  JB. 

On  investigation,  Mr.  Jobson  found  that  this  particular  test  bar, 
belonging  to  the  bottom  of  the  large  casting,  had  been  inadver¬ 
tently  buried  in  the  sand  on  the  bottom  of  the  furnace ;  and  hence 
its  temperature  had  not  risen  above  a  low  red  heat,  quite  below  the 
critica  points.  Therefore  no  diffusion  of  the  constituents  pearlite 
and  ferrite,  and  consequently  no  recrystallization,  had  taken  place. 

srrE  r"raine'1  prac,ica,iy  ** '«» «* *“• 

resnt  and  mechanical  data  give  typical 

results  obtamed  by  varying  the  thermal  treatment  of  small  cast- 


The  Properties  of  Steel  Castings 


19 


ings.  Four  i^-inch  bars  were  cast  as  usual  from  nearly  pure 
iron  containing  0.36  per  cent  of  carbon. 


Casting  No.  660,  as  Cast 

The  micro-structure  was  of  the  usual  trellis-like  sectional 
pattern,  but  for  a  low  silicon  casting  the  ferrite  cell  walls  were 
permeated  to  an  unusual  degree  with  sulpho-silicide  films. 

The  tensile  test  gave  the  following  figures: — 

Elastic  limit,  tons  per  square  inch  .  .  .  13.34 

Maximum  stress,  tons  per  square  inch  .  .  13*34 

Elongation  (on  2  inches),  per  cent  .  .  IOO 

Reduction  of  area,  per  cent  ....  2.20 

The  material  was  thus  little  better  than  good  grav  iron. 


No.  660.  Works  Annealed 

The  micro-structure ,  as  usual,  showed  a  ground  mass  of  fer¬ 
rite  crystals  free  from  sulpho-silicide  films,  with  relatively  large 
patches  of  decomposed  pearlite,  i.  e.,  pearlite  in  which  the  laminae 
of  Fe3C  had  to  a  great  extent  segregated  into  little  pieces  of 
cementite. 

The  tensile  test  made  on  the  works  annealed  bar  gave  the 
following  results: — 


Elastic  limit,  tons  per  square  inch  .  .  .  9.34 

Maximum  stress,  tons  per  square  inch  .  22.24 

Elongation,  per  cent . 14.50 

Reduction  of  area,  per  cent  ....  15.00 


The  above  is  a  poor  result. 

No.  660.  As  Cast  and  then  Heat-Treated 

The  bar  as  cast  was  slowly  heated  during  about  an  hour  up 
to  850°  C.  It  was  maintained  for  an  hour  at  that  temperature 
and  then  allowed  to  cool  in  air. 

The  micro-structure  showed  a  ground  mass  of  ferrite  dotted 
with  small  particles  of  dark,  granular  ferrite.  The  sulpho-sil¬ 
icide  films  had  disappeared,  and  the  structure  was  much  finer  than 
that  of  the  works  annealed  bar. 
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The  tensile  test  was  on  the  whole  superior  to  that  of  the  an¬ 
nealed  bar,  registering  the  following  figures : — 


Elastic  limit,  tons  per  square  inch 

14.34 

Maximum  stress,  tons  per  square  inch 

26.76 

Elongation,  per  cent . 

*3-5° 

Reduction  of  area,  per  cent 

18.60 

No.  660.  Works  Annealed  and  Heat-Treated 

Another  works  annealed  bar  was  treated  in  the  manner  de¬ 
scribed  for  the  bar  as  cast. 

The  micro-structure  was  very  similar  to  that  last  described, 
but  distinctly  smaller  in  pattern. 

The  tensile  test  was  not  altogether  satisfactory,  giving  the 
following  results : — 


Elastic  limit,  tons  per  square  inch 
Maximum  stress,  tons  per  square  inch 
Elongation,  per  cent  . 

Reduction  of  area,  per  cent 


15.67 
2377 
1 1. 00 
9.00 


From  the  foregoing  group  of  results  it  would  seem  that  the 
k  ea  conditions  for  treating  a  brittle  0.4  per  cent  carbon  steel 
as  cast  are  to  heat  it  for  an  hour  or  so  at  a  temperature  about  50° 
above  the  upper  critical  point,  and  then  cool  in  air.  Unfortu¬ 
nately,  in  steel  metallurgy  the  ideal  and  the  practicable,  are  seldom 
synonymous  terms. 


Practical  Summary 

experiments SHetS  b;  tbe  data  set  forth  in  the  preliminary 

S  "s  not  th,S  paper  Sh0w  that  pure  iron  and  carbon 

tions  drafted  b  ^  the  moder"  specifica- 

bon  ca  h  gs  the T  n?  ^  Sted  C3StingS-  With  -on  -d  car- 
but  STch  duS  rdCmanded  Can  be  ensured  with  ease, 
tenacity.  The  latter  property1'  it* t^truT  “"f ate  the  re<luired 
iron  and  carbon  castings  but  at  thA  be  obtalned  from 

plete  loss  of  ductility  Th*r  f  •  6  fxpense  of  an  almost  com- 

excepting  the  nearly'  pure  iron  th”Jri  remarked' 

—  manufacturing  Si*  £?£ 
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basis  upon  which  the  mechanical  influence  of  silicon  and  man¬ 
ganese,  to  be  hereafter  dealt  with,  can  alone  be  scientifically 
measured. 

The  Comparative  Properties  of  Castings  and  Forged  Steels 

It  has  been  previously  pointed  out  that  on  rare  occasions  un¬ 
der  certain,  at  present  unknown,  conditions  of  melting,  steel  cast¬ 
ings  may  possess  properties  practically  identical  with  those  of 
forged  steels  of  similar  chemical  composition.  But  such  cases 
form  the  exceptions  which  prove  the  general  rule,  that  the  me¬ 
chanical  properties  of  annealed  castings  are  much  inferior  to 
those  of  worked  steels.  This  is  the  more  remarkable  because  the 
same  chemical  composition,  the  same  specific  gravity,  and  the 
same  micro-structure  can  be  produced  in  a  casting  as  in  a  forged 
steel,  yet  the  mechanical  properties  of  the  latter  will  be  enor¬ 
mously  superior.  It  will  be  well  to  give  concrete  examples  of 
these  facts.  The  author,  in  a  paper  read  before  the  Institution  of 
of  Civil  Engineers  in  1895,  fully  described  the  properties  of  rolled 
iron  and  carbon  steels.  Comparative  examples  of  those  steels  and 
the  castings  dealt  with  in  the  present  paper  present  points  of  con¬ 
siderable  interest,  because  the  remarkable  discrepancies  exhibited 
are  at  present  incapable  of  satisfactory  explanation.  The  follow¬ 
ing  tables  embody  the  comparative  properties  of  cast-and-rolled* 
and  cast-and-annealed  steels  of  almost  identical  composition : — 


Conditions 
of  Steel 

Carbon 
Per  Cent 

Elastic  limit. 
Tons  per 
sq.  in. 

Max.  stress. 
Tons  per 
sq.  in. 

Elongation 
Per  Cent 

Reduction 
of  Area. 
Per  Cent 

Cast  and  rolled 

0.21 

17.08 

25*39 

42.1 

67.8 

Cast  and  ) 
annealed  l 

0.16 

9-35 

19.51 

3 10 

47.0 

It  will  be  seen  at  a  glance  that  all  along  the  line  with  refer¬ 
ence  to  elastic  limit,  to  tenacity,  and  to  ductility  the  rolled  steel  is 
greatly  superior  to  the  annealed  casting. 

Passing  to  higher  carbon  the  same  relative  characters  are,  if 
anything,  still  more  decisively  exhibited : 

*  The  rolled  bars  when  cold  were  reheated  to  about  iooo°  C.  and  cooled 
in  air. 
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Conditions 
of  Steel 

Carbon 
Per  Cent 

Elastic  limit. 
Tons  per 
sq.  in. 

Max.  stress. 
Tons  per 
sq.  in. 

Elongation 
Per  Cent 

Reduction 
of  Area. 
Per  Cent 

Cast  and  rolled 

0.38 

*7*95 

29.94 

34*5 

56.3 

Cast  and  1 
annealed  J 

0.40 

10.08 

24.03 

24*5 

29.0 

When  the  carbon  rises  still  higher,  the  differences  are  still 
most  remarkable: — 


Conditions 
of  Steel 

Carbon 
Per  Cent 

Elastic  limit. 
Tons  per 
sq.  in. 

Max.  stress. 
Tons  per 
sq.  in. 

Elongation 
Per  Cent 

Reduction 
of  Area. 
Per  Cent 

Cast  and  rolled 

0.89 

24.8 

52.4 

130 

*5*4 

Cast  and  ) 

0.83 

>8-5 

annealed  J 

29.0 

4.0 

*•7 

Finally,  in  high  carbon  steel  the  rolled  material  still  start¬ 
lingly  maintains  its  superiority : — 


Conditions 
of  Steel 

Carbon 
Per  Cent 

Elastic  limit. 
Tons  per 
sq.  in. 

Max.  stress. 
Tons  per 
sq.  in. 

Elongation 
Per  Cent 

Reduction 
of  Aiea. 
Per  Cent 

Cast  and  rolled 

Cast  and  1 

1.20 

i  , , 

35-72 

61.65 

8.0 

7*8 

annealed  } 

I.IO 

12.86 

12.86 

0.0 

c.o 

1  he  foregoing  results  should  induce,  in  the  minds  of  scien- 
t.fic  metallurgists,  a  tinge  of  humility,  because  for  some  of  them 
neither  the  scientist  nor  the  practical  man  can  offer  any  satis- 
lactory  explanation. 

te,t  hi  notlceable  practical  feature  on  comparing  the  respective 

that  fine  IS’  hat  m  ,thC  mildCr  CaSting  the  fractures  usually  lack 
that  fine  pay  granular  appearance  and  cup-and-cone  break  which 

ei^S:dt^r1,ed  St^S  l  a,S°  ^  ^e  elongation  is 

less  confined  to  the  vicinity  of  the  fracture,  being  more  evenlv 
dutnbMtd  .long  the  tor,  and  hCTCe  „g  thee^'p"r. 
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atively  low  reduction  in  area  observed  in  castings  when  com¬ 
pared  with  similar  rolled  steels. 

Castings  frequently  present  incipient  signs  of  fracture,  i.  e. 
small  cracks,  in  places  other  than  that  at  which  the  actual  rupture 
takes  place. 

It  will  now  be  interesting  to  compare  the  effect  of  drastic 
annealing  on  steel  as  cast  in  small  moulds  and  similar  steel  after 
rolling.  On  reference  to  the  general  table,  it  will  be  seen  that 
casting  521,  containing  about  0.17  per  cent  of  carbon,  showed  after 
annealing  a  fall  of  2 tons  per  square  inch  in  the  elastic  limit, 
a  slight  fall  in  the  maximum  stress,  and  a  decisive  increase  in  the 
ductility  as  measured  by  elongation  and  reduction  of  area  per 
cent. 

Under  similar  conditions  of  annealing,  a  rolled  steel  contain¬ 
ing  0.21  per  cent  of  carbon  showed  a  drop  of  no  less  than  8 
tons  per  square  inch  in  the  elastic  limit,  a  fall  of  about  4  tons  in 
the  maximum  stress,  whilst  the  elongation  and  reduction  of  area 
remained  practically  unchanged.* 

Passing  to  carbon  0.37  per  cent,  casting  No.  518,  it  will  be 
found  that  again  annealing  has  reduced  the  elastic  limit,  in  this 
case  no  less  than  6  tons  per  square  inch.  The  maximum  stress, 
however,  fell  only  about  1  ton,  whilst  the  ductility  has  greatly 
improved,  the  elongation  rising  from  6  to  20  per  cent. 

On  annealing  a  rolled  steel  containing  0.38  per  cent  of  car¬ 
bon,  the  general  effect  of  annealing  was  similar  to  that  observed 
in  the  0.21  per  cent  steel,  namely,  the  elastic  limit  fell  from  18 
to  9l/2  tons,  the  maximum  stress  from  30  to  25  tons,  whilst  the 
ductility  was,  if  anything,  slightly  lowered. 

With  carbon  about  0.9  per  cent,  casting  524,  annealing  some¬ 
what  lowered  the  limit  and  stress,  and  slightly  raised  the  duc¬ 
tility.  But  on  annealing  a  rolled  steel  containing  about  the  same 
carbon,  the  elastic  limit  fell  from  25  to  17  tons;  the  maximum 
stress  from  52  to  36  tons,  whilst  coincidently  with  this  great  fall 
in  tenacity,  the  ductility  also  underwent  a  remarkable  decrease, 
namely,  the  elongation  per  cent  dropped  from  13  to  4  and  the 
reduction  of  area  from  15  to  4-  Hence,  annealing  beneficial  to 
castings  seriously  injures  rolled  steels. 


*  See  “Influence  of  Carbon  on  Iron,”  Minutes  of  Proceedings  of  the  Insti¬ 
tution  of  Civil  Engineers ,  vol.  cxxiii,  pp.  127-162. 
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Thermal  Data 

At  the  author’s  request,  Mr.  Andrew  M’William,  A.R.S.M., 
has  kindly  undertaken  the  recalescence  investigations  connected 
with  this  and  the  subsequent  papers.  His  report  on  the  iron  and 
carbon  groups  is  embodied  in  the  following  table.  It  will  be  more 
convenient  to  comparatively  place  the  whole  of  the  curves  together 
in  the  final  paper : — 


Mark 

Carbon 

Heat  evolved  at 

Ar  1  on  cooling 

Rise  in  Pyrometric 
Millimetres 

Equivalent  Rise  in 
Temperature  of  Steel 

FeB 

0.07 

0.4 

1.2°  C 

52i 

0.18 

1.6 

4.8 

518 

o.37 

S-1 

15-3 

459 

0.86 

16.0 

48.O 

460 

1.29 

1 1.2 

33-6 

The  heats  recorded  in  the  above  table  were  calculated  by  tak¬ 
ing  the  total  perturbation  from  the  fair  curve  (whether  occurring 
as  an  actual  rise,  stay,  or  retard)  in  seconds,  and  dividing  by  the 
mean  rate.  The  result  (being  the  equivalent  rise  in  millimetres) 
multiplied  bj  3.0  (the  calibration  factor)  equals  the  equivalent 
nse  in  the  temperature  of  the  steel  in  degrees  centigrade.  In 
steeis  473  and  52.  and  5,8,  Ar  ,  being  separate  on  cooling,  was 
ca  cuated  direct  from  the  curve.  In  the  other  two  cases  the 

Iumofetheh°  i  e,SCeanCe  Were  ca,culat«l.  and  from  them  the 
sum  of  the  heats  evolved  at  Ar  2  and  Ar  •?  in  t?  n  , .  ^  a 

T„  •  .  ,  ana  Ar  3  tn  FeB  was  subtracted. 

In  conclusion,  the  author  has  to  thank  Mr.  F.  Ibbotson  B  Sc 
for  the  patient  and  accurate  manner  in  wb,VB  n  ,  ^  l 

the  micrographs  illustrating  this  pipe"  reproduced 

in  moderate  terms.0'  He"  has  “  “  “  *°  ^ 

ilantlv  carried  out  the  deta  Is  IfT  ^  patiently  and  v^ 
alvsis,  and  niechanicaTtestino-^f  1  ^  ™anufac.ure,  an- 

and  well  merits  the  thanks  not  n  I  r  frge  ,mmbcr  of  castings, 
terested  in  steel  founding.  "  '  °*  4  ’e  author.  but  of  all  in- 
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NOTES  ON  ALLOYS  OF  COPPER  AND  IRON  * 

By  J.  E.  STEAD 

As  many  authoritative  writers  in  metallurgical  text-books  do 
not  agree  in  their  remarks  regarding  the  alloys  of  copper  and  iron, 
it  appeared  necessary  to  make  special  research  in  order  to  ascer¬ 
tain  the  truth.  This  has  been  prosecuted  during  the  last  twelve 
months  in  my  laboratory  at  Middlesbrough. 

» 

Historical 

The  records  of  experiments  made  in  Dr.  Percy’s  laboratory 
("  Metallurgy  of  Iron  and  Steel,”  '1864,  p.  147)  would  lead  any 
one  to  conclude  that  iron  and  copper  could  be  alloyed  in  all  pro¬ 
portions. 

S.  Rinman  in  1782  made  an  alloy  of  five  parts  of  iron  and 
one  part  of  copper.  The  alloy  was  hard  and  tough. 

G.  Rose  found  that  old  Roman  iron  finger-rings  generally 
contain  copper. 

Faraday  and  Stodart  melted  steel  with  2  per  cent  of  copper 
without  improving  its  quality  {Phil.  Trans.,  1822,  p.  266). 

Eggertz  ( Wagner’s  Jahresbericht,  1862,  p.  9)  found  that 
wrought  iron  with  0.5  per  cent  copper  showed  only  traces  of  red¬ 
shortness,  whilst  steel  made  of  iron  containing  0.5  per  cent  copper 
was  worthless. 

Longmaid  took  out  a  patent  (1861,  Ro.  1863)  for  an  allo\ 
of  2.5  to  10  lbs.  of  copper  to  1  ton  of  iron.  The  patentee  claimed 
that  the  iron  thus  made  possessed  unusual  hardness. 

In  1835  Mushet  found  that  malleable  iron  united  with  copper 
in  any  proportion  “  until  it  equals  or  even  exceeds  the  weight  of 
copper.”  He  found  that  the  red  color  of  the  alloy  became  paler  as 
the  iron  was  increased  above  50  per  cent.  The  50  per  cent  alloy 
possessed  great  strength.  The  alloy  became  harder  as  the  iron 

increased. 

Mushet  not  only  made  experiments  in  alloying  malleable  iron 
with  copper,  but  also  made  alloys  with  steel  and  cast  iron. 

says  steel  melted  with  5  Per  cent  ’ts  we^lt:  coPPcl 

considerably  hardened,  useless  for  forge  purposes,  an  incapa 


*  iron  and  Steel  Institute,  September  1901. 
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of  taking  an  edge.  The  ingot  was  crystallized  like  cast  steel,  and 
showed  no  trace  of  copper  either  on  the  external  or  fractured 
surfaces.  Steel  melted  with  io  per  cent  of  its  weight  of  copper 
gave  an  ingot  outwardly  similar  in  appearance  to  the  last,  but 
with  the  radiated  linear  crystallization  less  distinct.  It  was  hard 
and  brittle,  and  minute  points  of  copper  visible  on  the  fracture. 

An  ingot  obtained  by  melting  steel  with  20  per  cent  of  its. 
weight  of  copper,  when  filled,  appeared  coppery-red  on  the  lower 
and  steel  bright  on  the  upper  surface,  and  the  fracture  was  reg¬ 
ular  in  grain.  Steel  melted  with  one-third  of  its  weight  of  copper 
(i.  e.  25  per  cent  of  the  whole  )gave  an  ingot  consisting  of  copper 
at  the  bottom :  copper  appeared  in  streaks  and  knots  on  the  frac¬ 
tured  surface. 


\\  hite  cast  iron  afforded  nearly  the  same  results,  but  there 
was  greater  tendency  to  separation  when  the  copper  exceeded  5 
per  cent.  When  No.  1  gray  iron  was  melted  with  5  per  cent 
copper,  specks  of  red  copper  were  found  upon  the  lower  surface 
of  the  ingot  and  on  the  fractured  surface;  with  10  per  cent  cop- 
per  the  copper  attaches  itself  to  the  outside  of  the  cast  iron ;  and 
Z  '  "  per  f  s?,id  butt0"  of  c0Pper  was  found  underneath 
ouner  uZ  ^ -Z  b°tt0m  of  '™cible.  He  concluded  that 
carton.  H  ‘r0n  ”  proportion  as  *h<=  latter  is  free  from 

that  ,VoT(h  is(uPotrsm,ed  Z*' 

up  a  certain,  probably  a  very  smalTZem  T*  Ca"  °n'y  “  ' 

PC''  Howff'M  bin  W!th  *  ^11  quantity  „?firo„COPPer’  “ 

lein  informed  l.im^tliTMlnZlrs'of'co'^8 ’  thal  Mr'  BrUSt' 
by  Holtzer  contained  from”  ^7  ^ 

more  than  I  per  cent  they  are  dLdedl  f.COpper;  that  w,th 
were  only  made  as  an  experiment-  that  i  h  'hat  they 

has  no  future :  that  the  copper  does  n  *  believes  copper-steel 
distributed  through  the  metal  •  and  tl  °  to  be  uniformly 

formation  of  blow-holes.  lat  !t  aPPears  to  favor  the 

H.  Bauerman  («  Treatise  on  the  M^n 
5th  edition)  makes  the  statement  that  Urgy  of  Iron.”  P-  49* 
melted  together  in  almost  all  proport-  ^  tW°  n.letals  ma>r  be 
whether  anv  homogeneous  allov  ran  k  10nS’  bl1t  lt  is  doubtful 

Edwin  J.  Ball  and  AtfJ  Wng^TZ'  , 

lam  (. Journal  of  the  Iron 
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and  Steel  Institute,  No.  1,  1889,  p.  123)  appear  to  have  had  no 
difficulty  in  alloying  4.4  per  cent  copper  with  soft  iron,  and  7.14 
per  cent  in  steel  containing  0.71  per  cent  carbon,  and  they  do 
not  appear  to  have  noticed  any  copper  on  the  fractured  surface  of 


the  alloy. 

Henri  Schneider  ( Engineering  and  Mining  Journal,  vol.  50, 
p.  40,  Oct.  1890)  patented  a  process  of  producing  alloys  of.  cast 
iron  and  copper  by  melting  alternate  layers  of  coke,  cast  iron, 
and  copper,  which  were  remarkable  for  their  great  strength,  elas¬ 
ticity  and  malleability.  The  alloys  contained  between  5  per  cent 
and  20  per  cent  of  copper. 

W.  H.  Greenwood  (“  Metallurgy  of  Iron,”  vol.  i.  p.  77)  says 
the  direct  union  of  iron  and  copper  is  attained  with  difficulty, 
but  an  apparent  homogeneous  alloy  can  be  obtained  b\  the  simul 
taneous  reduction  of  the  oxides  of  iron  and  copper. 

J.  A.  Phillips  and  H.  Bauerman  (“  Elements  of  Metallurgy, 
3d  edition,  1891,  p.  142)  make  the  somewhat  involved  state¬ 
ment  that  copper  does  not  form  any  true  alloy  excepting  in  e 


presence  of  a  third  metal.  T 

Tames  Riley  ( Journal  of  the  Iron  and  Steel  Institute,  No. 
1890,  p.  123),  who  has  made  experiments  in  alloying  sue  " '  ' 
copper,  says  that  “  if  an  alloy  of  steel  and  copper  be  made, 
the  resultant  metal  were  examined  under  the  microscope,  it  would 
be  found  they  were  not  alloyed;  the  copper  was  **semmated  a» 
through  the  piece.  If,  in  making  that  alloy,  ‘hey  “sed  “m*  alu 
inum,  they  Jvould  find  a  totally  different  result-the  alloy  was 

^KLynwood  Garrison  (Journal  Franklin  InstMe,  Aug. 
189O  says  5  per  cent  copper  will  readily  alloy  with  steel, 
doubts  if  10  per  cent  will  make  a  perfect  alloy. 

w.  Lipin  (Journal  of  'He  Iron  and  f iron 

II.)  found  that  the  addition  of  copper  to  S^h  be_ 

increased  the  relative  fluidity,  an  ,•  liter  as  tjie  COp- 

came  more  and  more  coarsely  crysta  me  an  (he  tensi,e 

to  retain  the  carbon  in  the  com  in  tQ  5  per 

amount  of  copper  pig  iron  would  ta  that  although 

cent  in  both  white  and  gray  iron.  „ntajre  [ n  having  copper 

it  would  not  appear  that  there  is  any  advantage 
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in  foundry  iron,  its  presence  need  not  give  rise  to  any  appre¬ 
hension. 

The  same  author  alloyed  steel  with  varying  amounts  of  copper 
up  to  io  per  cent,  but  it  is  not  stated  whether  the  fractured  sur¬ 
faces  of  the  cold  alloys  showed  copper  specks  when  examined  un¬ 
der  the  microscope.  He  found  that  as  the  carbon  was  increased 
in  the  steel  the  proportion  of  copper,  3  per  cent,  must  be  reduced, 
otherwise  the  material  cracked  during  hot  working. 

In  studying  the  recorded  observations  of  the  authorities  who 
have  made  actual  trials  in  alloying  iron,  steel,  and  cast  iron  with 
copper,  it  is  not  surprising  that  those  who  reviewed  their  work 
and  records  have  had  great  difficulty  in  forming  definite  conclu¬ 
sions.  All,  or  at  least  most,  of  the  observations  of  the  various 
workers  are  probably  correct,  and  the  reason  there  has  been  any 
confusion  or  difference  in  interpreting  them  is  because  no  account 
has  been  taken  of  the  influence  of  carbon. 


JNotes  on  Metallic  Alloys 

11  ■',IosJ  metallur?lsts  have  their  own  ideas  as  to  what  a  metallic 
0}  rea  )  is,  and  from  time  to  time  terms  of  qualification  are 
employed,  such  as  “  true,”  “perfect,”  and  “imperfect,”  from 

ole  Mod™11  ,  ‘hat  ‘he  definiti0n  ot  the  word  «  not  sim- 

rn  xtufe  of  mT  mr  *°  show  tha‘  a  -etallic  alloy  is  a 

other  and  1T0  S(Ubs‘anc<is-  which  mutually  dissolve  each 
hea ’  essurt  eTc  ilK°T™  under  'the  influence  of 

ate  COnditi0"’  d°  "<* 

ification.  Metallic  substanr  ’  •  d  water>  previous  to  solid- 

ical  compounds  of  T'f  “  *** 

are  known:  definite  •  i  c  of  which  a  large  number 
metals,  such  as Z  carbidT’  ,  7“  °f  ™tals  and  non- 
manganese.  Under  the  d  r  °Sphldes’  ancI  silicides  of  iron  and 
white  and  gray  pt  7  s  „ tT"  ab°Ve  spiegeleisen. 

,  Perfect  a, Z  rib^H  ^  ^ 

homogeneous  when  in  the  solid  state  t7  Which  are  absolutely 
definite  chemical  compounds  of  T  ^  consist—  1st,  of  the 
vith  the  other;  2d,  of  the  isomorni°nC  °i  dle  constituent  metals 
the  c5>nstituent  metallic  substances  )T  b°m°geneous  fixtures  of 

ctics ,  these  are  not  ab- 
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solutely  homogeneous,  as  they  are  composed  of  separate  con¬ 
stituents  in  a  very  fine  state  of  division  in  juxtaposition. 

The  less  perfect  alloys  may  be  described  as  those  in  which, 
during  solidification,  one  or  more  of  the  constituents  crystallize 
out  in  advance  of  the  others,  which  eventually  solidify,  leaving 
a  more  or  less  imperfect  but  regular  admixture  in  the  cold  metal. 

When  such  alloys  are  fractured,  if  the  constituents  are  of 
different  color,  they  may  be  easily  detected  on  the  fractured  sur¬ 
face.  The  purple  and  white  constituents  of  the  alloy  of  copper 
and  antimony,  containing  35  per  cent  copper  and  65  per  cent  an¬ 
timony,  are  very  easily  seen  on  the  fractured  surface. 

If  in  an  alloy  the  constituents  are  of  the  same  color,  the  frac¬ 
ture  appears  homogeneous,  but  it  is  only  a  homogeneity  of  tint. 
A  fractured  surface  of  white  Cleveland  iron  shows  carbide  and 
phosphide  of  iron  and  pearlite,  but  they  all  have  approximately 
the  same  color,  therefore  the  heterogeneous  character  is  not  ap¬ 
parent.  If  they  were  of  different  color  each  constituent  could 

be  detected  with  the  naked  eye. 

The  constituents  of  alloys  are  not  the  component  elements 
present,  but  the  separate  parts,  visible  under  the  microscope. 

A  eutectic  may  be  regarded  as  a  compound  constituent. 


PART  I 


Copper  and  Iron  Alloys 


Composition  of  material  used.— In  the  case  of  copper,  a  suffi¬ 
cient  quantity  of  ingots  of  best  selected  copper  were  obtained 
and  these  were  melted  and  granulated  by  pouring  into  water. 
The  analysis  of  the  ingots  was  as  follows: 


Copper 

Oxygen 

Lead 

Zinc  . 

Antimony 

Gold  . 

Silver  . 

Arsenic 

Bismuth 

Nickel 

Iron  . 


Per  Cent 
99.7300 
0.0600 
0.0440 
0.0130 
0.0070 
c.0004 
0.0200 
0.0500 
0.0040 
0.0470 
0.0140 
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In  the  case  of  iron,  the  coarse  turnings  of  No.  5  British  As¬ 
sociation  standard  steel  were  employed  in  all  the  experiments 
where  it  was  necessary  that  carbon  should  be  practically  absent. 
The  carbon  was  as  low,  or  even  lower,  than  had  been  previously 
met  with  in  any  commercial  soft  steels.  It  gave  on  analysis : 


Iron 

Carbon  . 

Manganese 

Silicon 

Sulphur  . 

Phosphorus 

Copper 


Per  Cent 

by  difference  99.542 
„  0.035 

»  0.317 

„  0.008 

„  0.036 

„  0.042 

„  0.020 


100.000 

conn!^f  °f  °f  the  A,l°ys—  Mixtures  of  the  granulated 

crucibles  nfreerfrotlTca"k)nWerThe17Ply  mdted  tog:ether  in  c,a>' 

ordinary  “crucible  melting”  T  T“  CmpIo-vt'd  was  of  the 
capable  of  o-ivin  •  i  *  rf.  .  ^pe’  Wldl  £as  co^e  as  fuel-  It  was 
8  v  mg  heat  sufficient  to  melt  nnrp  imn  rrv  •  <■ 
were  allnwpri  rr  ,  »•  men  pure  iron.  1  he  mixtures 

trials  to  ascertain  whetheTor^l  the'’6  "  ,Cib'eS'  When  makin® 
other  previous  to  soliHif  +•  16  metaIs  separated  from  each 

lows:  — A  series  of  pTd'ai'n  tub  S>Stj?1  adoPted  "'as  as  fol- 

djameter  and  5  centimetres  in  length  If  C.ent,metres  internaI 
placed  side  by  side  in  a  nlnmK  S  ’.cIosed  at  one  end,  were 

the  tubes  were  filled  in  with  sUverTnd'At™6  betwee" 

were  placed  in  the  tubes  the  1i  m  nQ'  ihe  vanous  mixtures 
at  the  bottom.  When  filled  ^-1  ^  *nvariably  being  placed 

of  plastic  ganister,  and  a  covering  n-l  ^  d°Se.d  with  Plu£s 

over  tubes  and  the  top  of  the  crucibl  16  Same  material  was  placed 
After  drying  carefully,  the  crnriM 
for  an  hour  to  a  heat  sufficient  t  e  Wlth  contents  was  heated 
the  furnaee  was  then  removed  andVr  PUre  iron'  The  lid  of 
slowly  out.  without  disturbing  ,h.  „  J!"  allowed  to  burn  itself 
was  cool  enough  to  handle  The  no  '  Which  in  twelve  hours 
then  removed  from  the  porcelain  tub"  a  T "drical  i"8»ts  were 
through  their  centres,  or,  if  too  h"Ts  and  were  sawn  verticallv 
on  an  emery  wheel  so  as  to  expose  veTT  ground  d°wn 
metals.  These,  whether  ground  or  sawn  SeCt,°ns  of  the  solid 
tematically  examined  throughout  th  ’  Were  PoIished  and 

t,le,r  entire  length. 


svs- 
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The  result  of  the  examinations  showed  at  once  whether  there 
had  been  any  separation  into  two  conjugate  fluid  layers,  or  if 
there  had  been  any  tendency  to  such  a  separation. 

The  system  adopted  of  maintaining  the  metals  in  a  fluid  state 
above  their  melting-points  and  then  allowing  them  to  cool  and 
solidify  very  slowly,  offered  the  best  possible  conditions  for  sep¬ 
aration,  and  if  there  was  any  tendency  whatever  for  one  metal  to 
disentangle  itself  from  the  other  it  would  be  detected. 

In  order  to  be  absolutely  certain  that  analysis  and  structure 
were  accurately  correlated,  the  micro-sections  after  examination 
were  sawn  into  two  parts ;  one  part  was  retained  as  a  micro  ob¬ 
ject  and  the  other  was  analyzed. 

The  method  of  analysis  used  was  as  follows : 

About  0.5  grammes  of  the  alloy  was  dissolved  in  the  least 
possible  quantity  to  effect  solution  of  nitro-hydrochloric  acid, 
and  when  this  was  complete  the  solvent  acids  were  removed  by 
heating  with  strong  sulphuric  acid.  1  he  copper  was  separated 
by  hvdric  sulphide  and  the  iron  determined  in  the  filtrate  by  a 
standard  bichromate  solution.  The  cupric  sulphides  were  dis¬ 
solved  in  nitric  acid  and  the  copper  determined  volumetrically  by 
the  iodine  method,  a  method  which  has  been  found  by  long  expe¬ 
rience  to  give  quite  as  accurate  results  as  the  most  refined  elec¬ 
trolytic  methods.  When  carbon  was  present,  it  was  determined 
by  burning  the  residue  left  on  solution  of  the  alloy  in  acid  cupric 
potassium  chloride,  or  by  direct  combustion  in  oxygen.  Silicon 
and  other  metalloids  were  determined  by  the  usual  accurate 
methods  employed  in  testing  steels. 


Micro-Chemical  Results  Obtained 


In  reviewing  the  results  of  very  many  experiments,  it  w  as 

found  that: 

1st.  — Copper  and  iron  alloy  in  every  proportion  by  direct 
fusion,  and  in  none  of  the  alloys  is  there  any  tendency  for 
metals  to  separate  into  two  conjugate  liquid  layers. 

2d.  —  That  the  complete  series  of  alloys  may  be  classei  into 


three  distinct  section  — 

A  —  Alloys  with  traces  to  2.73  pm* 
cent  copper. 

B  —  Allovs  with  between  2.73  Per 


cent  iron  and  gy.20  Per 
cent  iron  and  97.20  per 
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cent  copper  and  92.0  per  cent  iron  and  about  8.0  per 
cent  copper. 

C  —  Alloys  containing  between  8.0  per  cent  and  traces  of 
copper. 

All  these  mixtures  may  be  called  true  alloys,  being  free  from 
globules  and  knots  of  copper  or  iron.* 

Class  A,  containing  between  traces  and  2.73  per  cent  iron, 
are  apparently  homogeneous,  and  contain  not  more  than  one 
micrographic  constituent.  They  all  have  the  appearance  of  pure 
copper.  As  the  iron  is  increased,  the  alloys  become  slightly 
harder.  They  can  be  cut  and  sawn,  and  are  slightly  attracted  by 
the  magnet.  They  may  be  classed  as  perfect  alloys,  consisting 
of  isomorphous  crystal  grains  of  iron  and  copper. 

Class  B,  containing  between  8.0  per  cent  and  97.20  per  cent 
copper.  As  soon  as  2.73  per  cent  iron  is  exceeded,  the  cold  al¬ 
loys  are  found  to  contain  a  separate  constituent,  consisting  at  first 
of  six-rayed  crystallites  of  a  constituent  rich  in  iron.  As  10  per 
cent  iron  is  approached  these  crystallites  change  their  form  and 
assume  the  dendritic  or  cruciform  character  of  octohedral  skele- 
a  s  t  ie  iron  is  further  increased,  these  crystallites  also  in- 
o-rrm-tl  k"  e'entua^y  mutually  interfere  with  their  independent 
"rains  se  in^’  an<^  assume  the  form  of  rounded  crystal 

fronTn  sXf  ^  envelopes  of  copper  containing  2.73  per  cent 

the  alloy  with" 90  peTcemtron8  thinnCr  ^  thinnCr  ** 

preached,  and  a«  that  point  only  partjy  enve.opThe  crysta. 

cupreonfentlopeTanV^rth'3’  fraC'Ure  generally  Mlows  the 

difference  in  the  color  of  the  ^10^°“^  “""I  U  not  much 
taming  respectively  90  per  cent  and  1  °f  the  aUoys  con' 

alloy  with  ,0  per  cent  copper  as  the  co"  “PPer'  In  ^ 
velops  the  grains,  the  fracture  r  11  c0PPer  only  partially  en- 
_  '  flacture  follows  through  the  copper,  and 

*  It  was  very  difficult  to  obt  '  "  - “ - - - 

getting  into  the  alloy  small  quaiuit'UTf  Whh  a  little  coPPer  without 

hen  silicon  was  absent,  some  oxide  of  ir  ^  *  disso,ved  oxide  of  iron. 

silicon  and  9  per  cent  copper  appeared  to  An  alloy  with  a  little 

was  present,  free  copper  appeared  in  the  allo0'1^  o°  free  COpper-  Whe"  oxide 
1  he  determination  of  the  exact  .  ■  •  J  8'4  Per  cent  copper, 
portion  8  per  cent  must  only  be  regardeTasapptxiiVte"  "““"S’  “d  the  Pr°' 
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then  through  the  cleavages  of  the  iron  grains,  leaving  a  macro¬ 
structure,  i.  e.,  visible  without  the  microscope,  on  the  fractured 
surface  of  large  areas  of  copper  and  iron  distributed  irregularly 
over  it,  an  appearance  which  might  easily  lead  to  the  conclusion 
that  the  copper  and  iron  were  really  not  alloyed.  There  can  be 
little  doubt  that  observers  in  the  past,  judging  only  by  fractures, 
have  been  deceived  thereby.  When  the  alloys  are  polished  the 
appearance  is  quite  different:  the  color  gradually  changes  from 
that  of  pure  copper  to  that  of  iron  as  the  iron  is  increased,  and 


i.— 125  diameters.  Copper,  75.5  per  cent; 
lr°n,  25.2  per  cent.  Structure  developed  by  polish- 
mS-  \\  hite  parts — Iron-copper  constituent. 
L>ark  parts — Copper-iron  constituent. 


No.  2. — 125  diameters.  Copper,  53.0  per  cent; 
iron,  46.3  per  cent.  Structure  developed  by  pol¬ 
ishing.  White  parts— Iron-copper  constituent. 
Dark  parts — Copper-iron  constituent. 


the  alloy  containing  10  per  cent  copper  and  90  per  cent  iron, 
which  by  fracture  appears  to  contain  much  copper,  has  on  the 
polished  surface  the  appearance  to  the  eye  as  if  copper  was  absent. 

Practical  men  will  readily  understand  the  reason  of  the  same 
thing  appearing  so  different  by  comparing  the  surface  of  a  brick 
wall  and  the  appearance  of  the  same  mass  of  masonry  a  ter  1 
has  been  broken  to  pieces.  The  surface  of  the  wall  at  a  itt  e  t 
tance  appears  red,  w'hereas  at  the  same  distance  the  trac 
surface  appears  to  be  half  white  and  half  red,  the  racture 
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passed  through  and  left  exposed  the  mortar  which  formed  a  par¬ 
tial  envelope  to  the  bricks. 

The  alloys  of  this  class  increase  in  magnetic  properties  with 
the  increase  of  iron. 

The  iron  crystallites  are  easily  rusted,  and  the  surfaces  of  the 
polished  alloys  soon  become  tarnished  and  dull. 

Class  C.,  containing  between  8.0  per  cent  and  traces  of  cop- 
per.-\\  hen  iron  is  alloyed  with  about  8.0  per  cent  of  copper,  the 


No.  3—125  diameters.  Copper,  205  per 
iron  79.1  per  cent.  Structure  developed  , 

ark  Part  Copper-iron  constituent. 


^°*  4-  l25  diameters.  Copper,  io  per  cent’ 

89*6  pei  cent.  Structure  developed  by  heat-tK 
^  bite  parts — Iron-copper  constituent, 
parts  Copper-iron  constituent.  Sho^11- 
graded  character  of  the  crystal  grains  highc 
iron  at  their  centres  than  at  the  exterior  Pa 


cold  alloy  When  fractured  si 

faces,  and  the  polished  metaT^  "°  traCe  of  coPPer  on  the  broken 
per-colored  constituent  when^1*^  e(1UaI1-v  free  from  any  cop- 
and  all  the  alloys  containing  ,^Xa"lined  under  the  microscope, 
appear  equally  free  from  it  han  that  Proportion  of  copper 

On  heat-tinting  or  trentU  ,  . 

they  assume  a  pale  yellow  tint  the  polished  surfaces  until 

equa  \.  Oxidation  commences  It  C./VSta*  grains  are  not  colored 
travels  towards  their  centres.  1  the  external  boundaries  and 
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It  was  further  observed  that  under  like  heating  the  alloys 
containing  the  most  copper  are  the  more  rapidly  colored.  This 
being  so,  it  appeared  reasonable  to  conclude  that  in  the  metals  in 
this  class  when  solidifying,  the  first  part  to  fall  out  of  solution 
contains  the  most  iron,  and  as  growth  proceeds  the  liquid  phase 
becomes  more  concentrated  in  copper;  also,  that  as  the  crystals 
continue  to  grow,  more  and  more  copper  falls  out  of  solution 
v  ith  the  iron  until  the  last  portion  solidifies  with  a  maximum 
proportion  of  that  element.  When  the  amount  of  copper  exceeds 
about  8  per  cent  the  iron-copper  crystals,  in  completing  their 
growth,  throw  entirely  outside  of  them  the  excess  of  copper-iron 
alloy  which  they  could  not  retain  in  solution. 

The  photograph  Fig.  4  of  the  10  per  cent  copper  alloy  illus¬ 
trates  the  foregoing  remarks  very  fully.  The  dark  patches  rep¬ 
resent  the  copper-iron  thrown  out  of  solution,  the  shaded  parts  a 
gradual  change  in  composition  of  the  crystal  grains  from  the  ex¬ 
ternal  parts  high  in  copper  to  the  internal  parts  rich  in  iron.* 

PART  II 

The  Influence  of  Carbon  on  Alloys  of  Copper  and  Iron 

The  results  of  melting  copper  and  iron  containing  varying 
proportions  of  carbon  fully  confirm  the  observations  of  Mushet 
that  copper  unites  with  iron  in  proportion  as  the  latter  is  free 
from  carbon.  On  repeating  the  experiment  of  that  investigator, 
and  melting  5  per  cent  and  10  per  cent  copper  with  steel  of  1  per 
cent  carbon  content,  it  was  found  that  the  former  alloyed  per¬ 
fectly,  no  free  copper  being  detected  on  the  fractured  or  polished 
surfaces  of  the  cold  steel,  and  that  the  latter,  with  10  per  cent 
copper,  showed  knots  of  a  copper-colored  constituent  on  the 
broken  ingots  and  polished  sections.  It  was  further  found  that 
steel  with  1  per  cent  carbon  would  dissolve  and  retain  in  solu¬ 
tion  about  7  per  cent  copper,  and  that  when  this  amount  is  ex¬ 
ceeded.  the  excess  is  thrown  out  of  solution  at  the  setting  point 
and  appears  as  globules,  or  the  knots  of  Mushet.  These  drops 
or  globules  are  in  greatest  quantity  near  the  lowest  part  of  the 
ingots  containing  10  per  cent  copper,  but  are  not  sepaiated  from 

*  These  graded  crystal  grains  are  what  Professor  Roozeboom  would  describe 
as  “mixed  crystals.” 
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the  steel  itself.  Their  form  and  position  lead  to  the  conclusion 
that  they  were  liberated  when  the  steel  was  in  a  semi-fluid  state, 
and  in  virtue  of  their  greater  gravity  traversed  the  mass  towards 
the  bottom  and  were  mechanically  held  in  suspension  and  pre¬ 
vented  from  escaping  altogether  when  the  steel  completely  solidi¬ 
fied. 

When  the  proportion  of  copper  is  increased  above  io  per 
cent,  the  suspended  globules  also  increase,  and  when  25  per  cent 
copper  is  melted  with  75  Per  cent  steel,  a  portion  of  the  copper 
separates  from  the  steel  before  it  solidifies,  and  is  found  at  the 
bottom  of  the  ingot  in  a  separate  layer.  It  is,  however,  not  pure, 
but  is  associated  with  about  10  per  cent  iron,  part  of  which  is  in 
solution  and  part  as  dendritic  crystallites. 

The  upper  steel  layer  contains  globules  of  copper,  which  in¬ 
crease  in  quantity  from  the  surface  downwards. 

All  these  steel  alloys  are  too  hard  to  cut,  saw,  or  file. 

The  copper  in  passing  into  solution  does  not  cause  a  separa¬ 
tion  of  free  cementite. 


y  oxidation  heat-tinting  ”  the  alloy  with  7  per  cent  copper 

an  0.93  per  cent  carbon,  the  color  tints  indicate  that  the  primary 

r,VcS  aTframS  COIJtain  the  roost  copper  near  the  external  bounda- 

•  .  ,le  seco,lf  arY  pearlite  grains  are  differently  tinted,  lead- 

ferent  a  ^  Uf  !°n  dlat  different  individuals  mav  contain  dif- 
tcrent  amounts  of  copper. 

same^differaices'were'developed.  ^  °r  di'Ute  ^ 

ture  wls0verylfineal'nde«|S  t'|<A|S,°'‘|!y  C<?led’  the  Pearlite  strUC' 
thin  and  close  together.  ’  lamella  of  cementite  being  very 

per  cent  silicon  w“  mdted  wfth  'a  ^  Carb°n  a"d  ab°“‘-j 
layers  separated  the  first  •  .an  excess  °f  copper,  two  liquid 
mg  about  8  pen  °f  3  ,ayer  'W  “"tain' 

dark  gray  iron,  containing 7  4^?“°"!’  a"d  3  layer  a*  the  ‘°P  °f 
Of  copper  are  embedded  ?Th?  COpper’ m  which  globules 

globules  varies  with  tlio  ^i  ^  am°Vn.t  of  copper  retained  as 
is  cooled,  being  at  a  mav-  *  UC  rap*^’ty  with  which  the  metal 

mum  when  the  cooling  is  protracted”  cooIed’  and  a  mini' 

melted  in  a  charcoal-l/ned*  crifTf1  °f  Copper  and  iron  waS 

ed  crucible,  and  was  allowed  to  cool 
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therein,,  it  separated  into  two  conjugate  layers  of  the  following 
composition : 


Iron 

Copper 

Carbon 

Silicon 

etc. 


Top  layer 
Per  Cent 
87.00 
10.34 
'  2.07 
0.45 
0.14 


1 00.00 


Bottom  layer 
Per  Cent 
9.60 
90.02 
0.08 
Nil 
0.30 

100.00 


i\ 


lron^I2S  diameters.  Copper,  7.64  per  cent; 

’  9«°  per  cent;  carbon,  2.30  per  cent;  silicon, 
^efer  Cent  by  iodine.  Course  banded 

^°pes  cementite.  Zigzag  dark  parts  — mar- 
1S*te  structure.  White  ground  apparently 
austenite. 


No.  6. — Junction  of  two  conjugate  layers  of  50  per 
cent  iron,  50  per  cent  copper  alloy  after  melting 
with  charcoal.  V  X  80.  Etched  with  nitric  acid 
The  lower  layer  is  the  copper-iron  alloy  ;  the  upper 
layer  is  the  iron-copper-carbon  alloy. 


These  results  most  clearly  show  that  the  carbon,  on  com¬ 
bining  with  the  iron,  or  a  portion  of  it,  throws  a  large  part  of  the 
copper  out  of  solution,  which  then  gravitates  to  the  bottom  of  the 
crucible.  They  also  show  that  the  separated  copper  carried  with 
it  iron  containing  about  0.84  per  cent  carbon.  The  microscope 
proved  that  the  upper  layer  contained  free  cementite  in  consid¬ 
erable  quantity,  also  globules  of  copper,,  and  portions,  between  the 
bands  of  cementite,  of  a  substance  in  which  pearlite  or  eutecti<- 
cementite  was  apparently  absent. 
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The  copper  portion  contained  iron-like  skeleton  octahedra 
crystallites,  distributed  equally  through  the  mass,  but  the  part 
immediately  adjoining  the  iron  layer  was  free  from  them,  which 
fact  would  tend  to  lead  to  the  conclusion  that  in  solidifying  the 
crystallizing  force  of  the  contiguous  mass  of  iron  exhausted  or 
attracted  from  the  copper  nearest  to  it  the  iron  crystallites  which, 
instead  of  falling  out  of  solution  and  remaining  suspended  in  the 
copper,  were  attracted  by  the  iron,  with  which  it  united.  (See 
Photo  Fig.  6.) 

A  portion  of  the  upper  layer  was  melted  with  charcoal  to 
whiteness  for  a  period  of  one  hour,  and  was  allowed  to  cool 
slow  lj .  On  examination  it  wras  found  that  a  small  globule  of 
copper  had  separated  and  was  attached  to  the  lower  part.  This 
detached,  and,  together  with  the  iron  part  wTas  analyzed. 

1  he  following  results  were  obtained : 


Iron 

Top  layer 
Per  Cent. 

Bottom  globule 
Per  Cent. 

Copper  . 

89.00 

2-73 

Combined  carbon 

7.64 

97.10 

Graphite 

2.30 

Nil 

Silicon 

Nil 

Nil 

0.84 

Nil 

99*79 

99-83 

iron,  it  limits  ^the  quantity6  of^  C°PPei'  is  in  solution  ' 

only  2.3  per  cent  was  taken  up  und^  wU1  abs°rb’  f< 

had  been  absent,  would  have  approacheZ  Which’  *  C°PP< 

It  is  interesting  to  note  tW  • d  4  Per  CCnt’  °r  even  m°r 
globule  of  copper  ’  °wlnS  to  the  smallness  of  tf 

tracted  out  -n  actua.ly  a 

which  formed,  with  the  connor  ^  ir°n’  excePtin£  that  part  of 

That  it  was  due  to  crvS  *  S“tUrated  S°Ud  solu,ion- 
distance  on  a  small  ma«  , .  L  attractlon  acting  through  a  shoi 
the  copper,  and,  with  that  Pr°Ved  by  increasing  the  mass  c 
exactly  parallel  conditions.'^  t!'0"’  COnducting  the  trials  undt 
nearly  io  per  cent  of  iron  and  ti  ^  C°PPer  seParated  containe 
of  iron  crystallites  throuHmn,  micr°scope  revealed  quantity 
iron  layer.  g  ut’  excePt  at  the  parts  adjoining  th 

The  small  globule  containing  2  73 

^  Per  cent  iron  under  th 
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microscope  appeared  quite  homogeneous,  and  was  free  from  iron 
crystallites. 

The  iron  portion  contained  free  cementite  in  net-like  forma¬ 
tion,  enclosing  .areas,  or  cells,  which,  on  polishing  on  parchment 
moistened  with  sulphate  of  ammonia  solution,  yielded  a  structure 
identical  with  the  finest  examples  of  austenite  and  martensite, 
produced  by  Osmond.  Photo  Fig.  5  illustrates  this.  The  zigzag 
structure  corresponds  to  martensite ;  the  half-tone  ground  cor¬ 
responds  to  austenite;  the  high  white  parts,  cementite.  On 
scratching  this  with  a  needle,  it  did  not  appear  that  there  was 
any  sensible  difference  in  hardness  in  the  dark  and  half-tone 
parts.  They  were  apparently  equally  grooved  by  the  hard  steel. 

The  specimen  was  far  from  homogeneous.  Near  to  where 
the  copper  globule  had  been  attached,  the  cementite  disappeared 
and  the  cells  or  grains  consisted  of  almost  a  pure  martensite  struc¬ 
ture.  Whether  these  structures  indicate  either  martensite  or 
austenite  has  not  at  present  been  determined  with  certainty.  More 
investigation  is  still  required. < 

When  a  small  portion  weighing  about  2  grammes  was  heated 
to  and  quenched  from  900°  C.,  the  inter-cementite  areas  had  a 
similar  structure  to  the  same  areas  of  the  slowly  cooled  material, 
with  this  difference  that  the  zigzag  martensite  structure  on  the 
light-colored  ground  was  much  finer  and  more  equally  distrib¬ 
uted,  an  observation  which  would  lead  to  the  conclusion,  that 
whatever  the  dark  substance  was,  it  must  have  diffused  and 
separated  out  again  on  rapid  cooling. 

If  it  is  eventually  demonstrated  that  the  white  ground  mass 
is  actually  austenite,  it  will  prove  of  unique  interest,  for  hitherto 
that  constituent  has  only  been  obtained  in  high  carbon  steels  after 
quenching  from  an  elevated  temperature,  whereas  in  this  in 
stance  the  most  pronounced  structures  were  obtained  in  the  slow lv 
cooled  alloy. 

In  order  to  ascertain  whether  or  not  copper,  when  added  to 
molten  pig  iron,  has  any  influence  in  retarding  or  accelerating 
the  separation  of  graphite  when  it  is  allowed  to  solidif}  in  a 
mould,  the  following  experiment  was  made:  Hematite  pig  iron 
low  in  silicon,  containing  a  heart  of  white  and  envelope  of  gray 
iron,  speciallv  selected  as  representing  a  condition  on  the  10r  e 
line  between  gray  and  white  iron,  and  therefore  very  susceptible 
to  influences  tending  to  cause  the  carbon  to  separate  or 
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main  in  the  combined  state,  was  melted  with  about  5  per  cent  of 
copper  in  a  crucible.  The  metal  was  poured  into  a  mould,  and 
when  cold  was  broken  and  the  fracture  examined.  It  had  a  fine 
gray  appearance,  and  was  quite  free  from  any  patches  of  white 
iron.  The  combined  carbon  was  1.20  per  cent.  This  result  ap¬ 
pears  to  confirm  the  statement  of  Lipin,  that  copper  does  not  tend 
to  make  gray  iron  into  white  iron,  and  on  that  account  need  not 
be  feared  if  it  is  present  in  foundry  pig  iron.  Judging  from  what 
we  know  of  the  effect  of  copper  on  iron  and  steel,  it  is  also  cer- 

,  lpla  " s ■  that  increases  the  tenacity  of  pig  iron 

when  it  is  alloyed  in  it.  K  s 


marks"  rnring  !he  reSUltS  referred  to  in  the  forgoing  re¬ 
which  can  be  a^d  Trth  theTon  li*  **  am°t"1t  °f  COpper 
bring  the  limit  i„  g™,  ,  '  ' 1°"'  tl,e  m““m  7-5  per  cent 

con,  and  about  15  per’  cent  in  st  T'  C°ntiunmB  -5  per  cent  s,h' 
in  most  of  the  carlL-iron-coppertllo  '  Per  f*  Carb°" :  b“‘ 

ists  as  globules  md  ;c  n  i  P  ,  .°ys  some  of  the  copper  ex- 
metal.  The  amount  of  thJ  m^hanicalIy  suspended  in  the  solid 
with  the  rates  the  metals  ec  anically  suspended  copper  varies 
idly  and  lowest tvhentrTslo  f  ^  h^estwhen  rap- 

retained  in  solution  when  solidY  C°°led-  The  actual  amount 
In  the  steel  the  amount  does  not  n^i  "i?  been  fully  determined. 

2-  That  alloys  with  about  PTO  ab  y  exceed  7  per  cent, 
winch  do  not  separate  into  e(ltud  Parts  of  copper  and  iron, 
solidification,  when  remelted  t°  C°!1ju^ate  liquid  layers  before 
carbon,  and  then  do  separate  i  f  Whlte.  heat  on  charcoal  absorb 
ing  about  2  per  cent  carbon  atm°  tW°  b<^Ul*d  layers,  one  contain- 
about  10  per  cent  iron  and  onS  T°  PGr  Cent  coPPV,  the  heavier 

3-  Copper  in  cast  iron  d  ^  CCnt  carbon- 

in  retaining  the  carbon  in  the  l0t  aPPear  to  have  anv  influence 
separation  of  graphite.  c°mb,ned  form,  or  in'  causing  a 

to  the  containing  copper  leads 

rhe  same  steels,  differing  onh?  i,  ?  forn’ati»'>  of  pearlite. 

fapH  cooh^  when  cold  contain  ^  'm<ler  lik*  comparative 
copper  ,s  presen,  than  when  £l,  A  ^  “chide  »>>« 

nt-  On  very  slow  cooling,  the 
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carbides  appear  to  separate  equally  in  both  the  cupreous  and  nor¬ 
mal  steels.  This  peculiarity  explains  why  annealing  and  slow 
cooling  have  the  marked  softening  effect  referred  to  by  Lipin  and 
others  on  cupreous  steels. 

5.  That  copper  in  foundry  iron  need  not  be  feared,  as  its 
only  effect  appears  to  be  that  of  raising  its  tenacity. 

6.  That  the  somewhat  conflicting  statements  of  the  author¬ 
ities  in  our  text-books  appear  to  have  been  due  to  the  fact  that 
some  of  them  may  not  have  taken  into  consideration  the  effect  of 
carbon  in  preventing  copper  alloying  with  .iron.  Pig  iron  will 
only  alloy  with  small  quantities  of  copper,  whereas  pure  iron 
will  alloy  with  any  proportion. 

There  is  much  stilt  to  be  learned  and  work  to  be  done  before 
we  can  say  we  know  all  there  is  to  know  on  the  subject  of  cop¬ 
per-iron-carbon  alloys. 

I  have  to  acknowledge  the  valuable  assistance  of  Mr.  John 
Evans  and  of  Mr.  D.  Robinson,  who  have  assisted  in  the  making 
of  the  alloys  and  their  micro-examination. 


ON  THE  RESULTS  OF  CHILLING  COPPER-TIN  ALLOYS 

By  C.  T.  HEYCOCK  and  F.  H.  NEVILLE 

T  N  the  Third  Report  of  the  Alloys  Research  Committee,  pub- 
1  lished  in  1895,  Sir  W.  Roberts- Austen  gives  an  appendix,  by 
Dr.  Stansfield,  containing  an  extremely  interesting  series  o 
cooling  curves  of  the  copper-tin  alloys.  These  curves  made  it 
evident  that  for  many  percentage  compositions  there 
or  even  four  halts  in  the  cooling  due  to  separate  evolutions  of 
heat,  and  that  some  of  these  changes  must  ha\e  occurre 
the  metal  was  solid.  A  freezing-point  curve  was  also  Reduced 
from  the  cooling  curves.  The  report  containe  in  . 

marks  on  the  meaning  of  the  CUrVeSJ  b  Professor  H. 

tion  at  that  time  was  not  possible.  J  >  divine-  the 

Le  Chatelier  also  published  a  freezing-point  curve,  g.  « 
upper  points  only.  These  two  curves  agn-C  in  o  _ 


*  Proceedings  of  the  Royal  Society. 


Vol.  68. 
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gular  point  near  the  composition  Cu4Sn,  but  do  not  give  any 
singular  point  nearer  to  the  copper  end  of  the  curve. 

In  1897  we  also  gave,  in  the  “  Philosophical  Transactions,” 
a  freezing-point  curve  of  these  alloys.  This  curve  was  inferior 
to  Dr.  Stansfield,  inasmuch  as  it  gave  no  information  concern- 
ing  the  changes  that  go  on  in  the  solid  metal,  but  it  gave  a  more 
accurate  statement  of  the  upper  freezing  points  than  had  been 
gi\en  befoie.  In  particular  it  pointed  out  a  new  singular  point 
at  15.5  atomic  per  cents  of  tin,  the  point  marked  C  in  the  figure 
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In  their  report  on  alloys  presented  to  the  Congres  Interna¬ 
tional  de  Physique  in  1900,  Sir  W.  Roberts-Austen  and  Dr. 
Stansfield  give  a  curve  embodying  all  the  above-mentioned  de¬ 
tails  and  some  others,  in  particular  a  most  important  lower 
curve  of  changes  that  take  place  in  the  solid  alloys  * 

It  may  be  remarked  that  the  freezing-point  curve  forms  a 
useful  chart  to  the  general  character  of  the  alloys.  For  example, 
alloys  whose  composition  lies  in  the  region  AB  of  the  figure 
are  red  bronzes  and  gun  metals,  tough,  but  not  very  hard,  while 
as  we  approach  C  the  alloys  become  paler  in  color  and  much 
harder.  Alloys  a  little  to  th^  left  of  C  are  nearly  white  and 
extremely  tough  and  strong ;  they  are  ideal  bell  metals.  The 
moment  we  pass  C  the  alloys  begin  to  become  brittle,  and  the 
brittleness  becomes  very  great  near  D.  The  alloys  between  C 
and  D  are  steel-colored ;  they  have  a  glass-like  hardness  and  take 
a  fine  polish ;  they  are  speculum  metals,  Lord  Rosse’s  being  the 
alloy  at  D.  With  more  tin  than  that  present  at  the  point  D  the 
alloys  deteriorate  from  a  mechanical  point  of  view,  and  except 
as  anti-friction  metals  are  not  much  used. 

In  1900  we  commenced  a  study  of  these  alloys  by  means  of 
the  microscope.  As  regards  the  regions  ABC  and  that  to  the 
right  of  E  we  at  first  did  little  more  than  confirm  results  which 
we  found  had  been  already  published  both  by  Mr.  Stead  and  by 
M.  Charpy;  but  in  the  region  CDE  we  appear  to  have  observed 
more  detail  than  is  contained  in  the  published  work  of  these 
observers.  We  were  especially  struck  by  a  discrepancy,  in  the 
region  CD,  between  the  crystals  on  the  outside  of  the  alloys  and 
the  internal  pattern.  Our  habit  was  to  make  the  alloys  in  an 
atmosphere  of  coal-gas  or  hydrogen,  and  to  allow  them  to  cool 
in  this  atmosphere.  If  made  in  this  way,  we  found  that  all 
alloys,  from  A  almost  to  D,  showed  on  the  top  of  the  ingot  a 
regular  crystallization  in  relief,  of  the  rectangular  comb-like 
character  so  often  seen  on  the  surface  of  cast  metal.  This  was 


*  Our  attention  has  been  called  to  the  fact  that  the  copper-tin  curve  given 
by  Roberts-Austen  and  Stansfield  in  the  International  Report  on  I’hys'cs  in 
1900  had  already  been  published  by  them  in  the  Fourth  Report  to  the  Alloys 
Research  Committee  in  1897.  This  correction  does  not  alter  the  c  ronoogica 
sequence  as  stated  in  the  text,  since  our  paper  was  read  before  the  oya  oc  e  y 
in  June  1896. 
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as  perfect  in  the  white  metals  between  C  and  D  as  in  the  red 
alloys  between  A  and  B.  These  crystals  disappear  when  the 
point  D  is  reached,  although  with  much  more  tin  other  types  of 
raised  crystals  are  seen.  These  combs  are  of  course  primarv 
crystals,  standing  out  on  account  of  the  contraction  of  the 
solidifying  mass  and  the  consequent  retirement  of  the  mother 
liquid.  When  the  ingots  of  alloy  are  cut,  the  surfaces  polished, 
and  the  internal  pattern  brought  out  by  ignition  or  etching,  one 
sees,  as  Charpy  and  Stead  have  shown,  that  similar  combs,  rich 
in  copper,  occur  in  the  interior  of  the  ABC  alloys,  the  combs 
being  embedded  in  a  matrix  which  is  itself  complex  (see  photo, 
r.)  These  combs  are  numerous  and  large  in  the  gun-metals 
of  the  region  AB,  but  decrease  in  numbers,  size  and  perfec- 
tion  as  we  approach  C.  For  some  distance  to  the  left  of  C  thev 
are  much  broken  and  distorted,  and  to  the  right  of  C  thev  do  not 
appear  at  all  in  the  body  of  the  alloys :  but  they  exist  on  the  outside 

he  !rrleCtTaS  bef°re-  Morcover  if  ,h*  «°P  °<  one  of 

the  wim  iTh  r'u  i  “  P°in'  3  'it,le  t0  the  le(t  of  C 

ttXh  the  ^  J  grnd  d°W"  50  as  to  <*•*”  sections  half 

!h«  fhe  c'  ta  CryStalS:  ^ *nd  the  I***™  examined,  it  is  found 

crystal  to  be  but  thl  .homogeneous,  as  one  would  expect  a 
identical  with  Vm  f^1  ‘S  ,uU  of  >  well-marked  pattern 

t  b°dy  °'  the  T»  illustrate  this 

taining  14  atomic  per  cent's'  ‘°P  ,°f  a"°y 

peared  that  the  allovs  unH  °  ^pboto-  2)-  Hence  it  ap¬ 
ing  and  after  solidification  changes  both  dur‘ 

larger  detail  in  the  substance  of  1*  7  °f  ph°t0graPh  <»  the 
something  not  unlike it, ^  was  fled  w  °f  Cr>’Sta1’  °r 

but  the  smaller  detail,  hardlv  seen  at  th,^  pattern> 

recent  than  the  raised  pattern  *  ™  S  mag:niflcatlon>  1S  more 

.  Photograph  (i)  shows  . 

in  the  interior  of  an  alloy  co  t  ‘  ‘  ^  pnmary  combs  existing 

and  photograph  (3)  shows  the  uTteriv*  H  r?™*  PCr  CCntS  °f  tin' 
on  the  other  side  of  C.  It  ’  ti  '  Afferent  pattern  existing 

atomic  per  cents  of  tin  h  m  S  u*  ° *  a°  a**oy  containing  16.7 
side  the  alloy  still  shows  the  7  ,  remembered  that  on  the  out- 
cooled,  that  is,  not  subjected  tn°m  ^  ^beSe  aHovs  were  slowly 
A  pattern  like  that  of  photograph  ChiU  durin£  COoIin^ 

alloy  containing  equal  weights  J  3  ,S  &Yen  b-v  CharPy  for  an 

g  ts  °f  copper  and  zinc.  We  have 


Fig.  3* — Formula  Cust^Snuw  Fig.  i — Formula  Cu^Sn^  Fig.  2 — Formula  Cuh«Suu 

Cu  72.8%  Sn  27.2%  Cu  79.7%  Sn  20,3%  Cu  76.7%  Sn  23.3% 

Magnified  300  diam.  Heat-oxidized.  Magnified  50  diam.  Ammonia  etch.  Magnified  50  diam.  Heat  oxidized. 
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also  found  it  in  some  silver-zinc  alloys,  and  we  think  it  always 
means  that  changes  have  taken  place  in  the  solid  alloy. 

The  patterns  at  all  points  on  the  curve  were  so  puzzling 
that  we  almost  despaired  of  being  able  to  interpret  them,  until 
after  reading  Professor  Roozeboom’s  paper  on  the  “  Solidifica¬ 
tion  of  Mixed  Crystals  of  Two  Bodies,”  published  in  the  Zeit- 
schrift  fiir  Physikalische  Chemie  of  December,  1899.  The  beau¬ 
tiful  theory  contained  in  this  paper  made  the  attempt  to  de¬ 
cipher  the  hieroglyphic  of  the  copper-tin  alloys  more  promising; 
but  the  experimental  method  recommended  by  Roozeboom,  that 

°  r!r*  atmgi tllC  flrSt  crystals  tliat  form  when  a  liquid  begins  to 
so  idify,  is  beset  with  almost  insuperable  difficulties  in  the  case 


of  metals  melting  at  hip-li  tfl 

is  true,  give  the  approximate^™?'  r  C°°linS  curves  will, 

of  an  alloy  and  enable  us  to  plot  :n  °f  comPlete  solidificati 
rye,  as  Roozeboom  calls  if-  but  *  rouSh  way  the  “  solidus 
tamed  is  not  nearly  so  accura  tea  ?  Solidus  curve  thus  o 

—rof  c^”:r c  *  ~  fr^ 

**£  the  nat -od  which 
nc  nrst  step  was  to  i 

obtain  a  coolinpf  ciirvp  r\$  Austen  nnri  c 

strument  W„  I  (  an  alI°y  bv  d  Stansfield  ar 

~  vs?-?--- irrding  h 

cooling  curve  thus  obtained  i^?’1  -,e  repro^^ 

alloy  containing  1 
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atomic  per  cents  of  tin.  In  this  curve  the  temperature  of  the 
cooling  alloy  is  measured  vertically,  and  the  time  is  measured 
horizontally.  It  will  be  seen  that  evolutions  of  heat  occur  dur¬ 
ing  the  period  MNO  and  also  at  P  and  Q.  Below  the  temperature 
O  the  alloy  was  a  rigid  mass,  a  solid.  The  temperatures  marked 
i,  2>  3>  3A>  4>  5  on  the  curve  were  then  selected  as  points  at 
which  it  seemed  well  to  chill  portions  of  the  alloy.  The  pyro¬ 
meter  was  therefore  transferred  to  a  bath  of  molten  tin,  heated 
well  above  the  highest  freezing-point  of  the  alloy,  and  small 
amounts  of  from  5  to  10  grammes  of  the  alloy,  contained  in 
little  test-tubes  of  Jena  glass,  were  immersed  in  the  bath ;  these 
were  in  an  atmosphere  of  coal-gas,  and  so  did  not  oxidize.  The 
bath  of  tin  was  then  allowed  to  cool  slowly  and  uniformly,  and 
when  the  temperature  fell  to  one  of  the  selected  points,  a  tube 
was  taken  out  and  plunged  into  water.  The  alloy  was  thus 
chilled,  the  slow  cooling  being  brought  to  an  abrupt  end  at  any 
desired  temperature. 

The  chilled  alloys  were  afterwards  ground  down  and  pol¬ 
ished  in  the  usual  way.  After  the  trial  of  many  reagents  for 
bringing  out  pattern,  we  adopted  the  method  of  slightly  heating 
the  surface  until  the  film  of  oxide  formed  was  of  a  pale  yellow 
color.  Behrens  some  years  ago  recommended  this  method,  and 
Mr.  Stead  has  pointed  out  that  it  develops  differences  of  chemi¬ 
cal  composition  very  well,  while  etching  reagents  complicate  the 
picture  by  revealing  the  orientation  of  crystals  and  othei  details 
which  are  not  always  needed.  With  one  or  two  doubtful  excep¬ 
tions,  we  find  that  in  alloys  richer  in  copper  than  Cu3Sn,  the 
parts  which  oxidize  most  rapidly,  and  are  therefore  darkest  in 
the  yellow  stage,  are  the  softer  parts  containing  most  copper. 
When  alloys  on  the  branch  ABC  are  oxidized  the  pattern  is  vei\ 
distinct  to  the  eye,  but  it  is  sometimes  difficult  to  obtain  much 
contrast  in  the  photographs;  in  such  cases  (for  example,  in  the 
alloy  of  photograph  1)  we  etched  the  surface  with  strong  am 
nionia,  which  also  darkens  the  parts  richest  in  copper.  *  o\s 
on  the  branch  ABC  are  very  sensitive  to  reagents  such  as  am¬ 
monia  or  hydrochloric  acid,  and  from  C  to  D,  where  these  lave 
but  little  action,  a  mixture  of  hydrochloric  acid  and  potassium 
chlorate  etches  rapidly.  One  can  use  these  reagents  to  contro 
the  effect  of  heat  oxidation  in  cases  where  the  low  temperatuie 
of  chilling  makes  it  possible  that  the  heating  needed  to  produce 
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the  yellow  color  may  have  reversed  the  result  of  chilling;  but  we 
find  that  there  is  not  much  danger  of  such  a  reversal. 

The  upper  point  alloy,  chilled  at  the  commencement  of 
solidification,  was  generally  found  to  be  granulated  by  the 
operation  of  dropping  into  water,  but  portions  could  always  be 
found  suitable  for  polishing;  the  other  alloys  had  always  solidi¬ 
fied  before  the  chilling,  and  therefore  gave  compact  ingots. 

After  polishing,  the  alloys  were  heated  until  a  pale  yellow 
oxidation  color  was  produced  on  the  surface. 

Alloy  (i),  chilled  when  much  of  the  metal  was  still  liquid, 
s  ows  a  pattern  of  large  primary  skeletons,  more  or  less  comb- 
'e  in  appearance,  which  oxidize  much  more  rapidlv  than  the 
it  (photo*  S|anCC  an<^  therefore  contain  more  copper  than 


olete  shmvf2^  wben  the  solidification  was  almost  coni- 

mucht  :  t0nS,mUCh  SOfter  in  “fine  and  not  differing 
occupy  a  much  T”  ^  fr°m  the  gromvl ;  but  diese  skeletons 

and  bLVoaly  *** 

work  of  less  oxidized  mothe”  suTl^T  *  “  imPerfeC' 

ing  with  rouge,  the^  softer**''^  elched  in  ,lle  process  of  polish- 
away.  The  p^te™  FZ £?£  “  “W-  ^  «■*“ 

power  of  io  or  20  diameters*  *  1  1S  beSt  examined  Wlth  a 
In  striking  contrast-  t/-> 

chilled  when  the  alloy  has  been ^liH'6’  aU°yS  and  ^  A’ 

even  with  a  powder  of  ?oo  r>r  ,.  some  time,  show  no  pattern 
Alloy  (4),  chilled  ^  drameters  (photo.  5). 

cooling  curve,  shows  a  pattern  w*  ^0l.nt  ^eat  evolution  on  the 
that  of  a  slowly  cooled  allov  \  !S  a  c^OSe  approximation  to 
lower  temperature,  is  an  almost  *  (s)>  clliIIed  at  a  sti11 

s  ow-cooled  pattern  (photo  61  Tperfect  reproduction  of  the 
that  a  little  below  the  chill w’  J-  WJI  be  noticed,  however, 
stage  of  heat  evolution,  and  in  h  °f  (.5)  there  w  another 
one  pom,  of  difference  b  n  ^™ony  with  this  we  can  find 

he  slowly  |ed  a„oys  of  «  the  pattern  of  (5)  a„d  that  of 

f  die  surface  is  divided  j  ,  ,  Jf  n  CD-  Both  in  these  and  in 
of  a  smooth  material,  a„d  ,he  "f  .  po|y?°ns  bounded  by  bands 
or  less  full  of  a  broken  fern  or  fl  '  ‘°r  °f  each  Po'vgon  is  more 
same  smooth  body  as  that  of  tl,  S  the 

t^  fern  ieaf  hes  is  more  easiiy  o^d ^  in  which 

an  the  material  of  the 
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fern  leaf  and  bands,  so  that  the  ground  probably  has  more 
copper  in  it.  In  the  slowly  cooled  alloys  near  C  there  is  very 
little  of  the  fern  leaf,  but  as  we  approach  D  it  increases  in  amount 
until  at  D  it  almost  fills  the  whole  area,  not  absolutely,  however 
for  a  network  of  the  darker  ground  can  still  be  traced  here  and 
there.  A  comparison  of  photos  3  and  6  illustrates  this  growth 
.  of  the  fern  leaf  with  the  increase  in  the  percentage  of  tin.  In 
the  slow-cooled  alloys  the  ground  is  granular — in  fact,  an  im¬ 
mersion  lens  defines  it  as  a  well-marked  eutetic.  In  (5),  on  the 
contrary,  the  ground  appears  to  be  uniform ;  probably  chilling  at 
a  temperature  below  Q  would  convert  it  into  the  eutetic. 

All  the  alloys  from  a  little  to  the  left  of  C  to  beyond  D 
exhibit  similar  contrasts  between  the  chilled  and  slow-cooled 
patterns,  there  being  for  each  alloy  a  region  of  temperature  such 
iat  if  it  be  chilled  in  this  region  it  shows  no  pattern.  Alloys 
etween  D  and  E  are  still  more  remarkable  when  chilled. 

•  ,  t  "e  aPPl>  Roozeboom  s  theory  to  these  results,  we  see  that 

to  the  rool CfUrV,e  kranch  LM  corresponds,  as  is  obivious, 
tion  of  m-ngH°  a  iq?ld’  and  the  short  branch  MN  to  the  forma- 
tinuallv  erow'  Cr\stas  separating  out  of  a  liquid  that  is  con- 

transformation^  ThMjrL^NO  ‘T  th°  ,<TryStaIs  are  suffe™« 

only  slie-htlv  cW  NO’  almost  flat  at  first,  and  then 

tion  of  the  mixed ^ystais^foUo^5  iV"  isothermal  transforllia' 

whole  mass  to  mixed  crystals  .1  ^  '  SoHdific*.ti°"  of  'J' 

transformations,  should  he  ttnifom,  V5?1™"8',  "°  'aR  ‘u 
then  correspond  to  the  mnr  \  The  lon&  sloPe  OF  would 
crystals,  and  therefore  th  *”«  °f  a.solid  mass  of  uniforin 
temperature  show  no  pattern  &  pS  chllled  in  this  re£ion  of 
comes  saturated,  and  on  m  v  ,Ut  at  P  tlle  soli(1  solution  be- 
fern  leaf  crystallizes  out  At  ^  .De*°w  dl*s  point  the  band  and 
Q.  the  mother  substance  of  tl  afSt'd  lower  temperature,  probably 
formed  in  the  solid.  \ye  q  •  C,  e,ni  ^ead  breaks  up  into  a  eutetic, 
Stansfield’s  lower  curve,  and  ^  *S  a  P°'nt  °u  Austen  and 

curve.  It  will  probably  be  f  ^  ^  *S  dle  eutetic  angle  of  that 
all  alloys  from  about  R  to  D  1  dle  m°Rler  substance  in 

alloys  cool  to  the  temperature  n  UP  hlto  a  co^plex  when  the 
eutetic,  but  if  chilled  above  O  J  i  S°  that  if  cooled  slowly  it  is  a 
It  is  not  difficult  to  forn  ni°geneous  body, 
pattern  found  below  the  temperT^0"  °.f  how  the  *yPe  of 

ature  P  originates.  Slightly 
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On  the  Results  of  Chilling  Copper-Tin  Alloys 

above  the  temperature  O  the  alloy  consisted  of  crystal  grains 
surrounded  by  mother  liquid  somewhat  richer  in  tin.  At  the 
moment  of  complete  solidification  the  grains  should  have  ad¬ 
justed  themselves  so  as  to  be  identical  throughout,  but  it  is 
improbable  that  so  perfect  an  equilibrium  was  attained,  and  the 
solid  mass  at  temperatures  below  O  must  have  contained  nuclei 
richer  in  copper  than  the  material  surrounding  them.  In  fact, 
prolonged  polishing  brings  out  a  vague  pattern  in  relief,  show¬ 
ing  differences  of  hardness,  and  therefore  of  composition.  Now 
the  alloy  that  we  are  considering  lies  to  the  right  of  Austen  and 
Stansfield’s  eutetic  angle  in  their  lower  curve;  hence  when  the 
solid  solution  became  saturated  the  new  crystallization  com¬ 
menced  in  the  interspaces  rich  in  tin,  and  more  or  less  took  their 
form.  It  is  clear  that  the  resulting  structure  would  in  section 
give  the  bands  and  polygons  of  the  slow-cooled  alloys.  Sim¬ 
ilarly  the  inclusions  of  mother  substance  in  the  grains  existing 
at  O  would  be  the  origin  of  the  isolated  fern  leaf. 

Although  it  was  hardly  necessary,  we  thought  it  would  be 
interesting  to  arrive  at  the  condition  of  no  pattern,  starting  from 
the  solid  alloy  instead  of  from  the  liquid.  We  therefore  took  a 
fragment  from  an  ingot  of  the  same  slowly  cooled  alloy, 
heated  it  to  a  faint  red  heat  in  the  Bunsen  flame,  and  dropped  it 
into  water.  It  showed  no  pattern  after  being  polished  and 
ignited  to  a  pale  orange.  It  was  then  heated  to  a  temperature  a 
little  below  redness,  and  allowed  to  cool  for  five  minutes  above 
the  flame,  repolished,  and  brought  to  the  orange  state.  It  then 
showed  a  very  perfect  slow-cooled  pattern,  the  fern  leaf  being 
particularly  good.  The  polygons  appeared  to  be  of  the  same 
size  as  in  the  original  alloy,  which  had  taken  an  hour  or  more 
to  cool,  but  the  bands  were  much  thinner  and  the  fern  leaf 
smaller;  the  eutetic  also  was  very  scanty,  while  in  the  original 
ingot  there  were  large  spaces  of  it.  Thus  the  same  alloy,  with¬ 
out  being  melted,  can  by  heating  and  chilling  have  all  pattern 
removed,  and  by  reheating,  followed  by  a  not  very  rapid  cool, 
the  pattern  can  be  restored.  The  constancy  in  the  size  of  the 
polygons  points  to  their  having  been  formed  at  an  earlier  perio 

in  the  history  of  the  alloy.  . 

We  see  'from  the  above  that  the  patterns  of  slowly  cooled 
copper-tin  alloys  are,  at  all  events  until  they  have  been  confirmed 
by  the  examination  of  chilled  portions,  entire!}  misleac  in^ 


52 


The  Metallographist 


the  separations  that  occurred  during  solidification.  Even  th 
evidence  for  the  existence  of  the  compound  Cu3Sn  will  have  t 
be  revised ;  although  in  a  somewhat  altered  form  it  will  nrnhti° 
be  found  to  be  satisfactory.  • 

We  hope  shortly  to  present  to  the  Royal  Society  a  more 
complete  account  of  these  alloys. 


WHAT  IS  THE  ESSENCE  OF  CRYSTALHOOD  ?  * 

By  H.  M.  HOWE 

S  matted  ntt™?  °r  ,tllC  PoIarized  organization  of 

festation,  be  taken  as  th  ^  ^  ^  °nly  ^  m°St  Striking  mani' 
On  DJ  rf  ?  t1he-essence  of  crystalhood? 

admirable  for  JuIy>  I9°°>  IIL  in  his 

makes  the  question  .  i  e  cr-^  ^'allographs'  of  iron  Mr.  Osmond 
w  depe„d~  xte™  J?  <*i«t  is  or  is  not  a  cry, 

of  which  the  object  is  °rm’  .SO,tkat  the  fact  that  the  matter 
nite  axes,  while  essentiaH^08^  ^  P°*artzed  around.  certain  defi¬ 
nite  crystalhood.  In  ari  ^.cr>  stalh°od,  does  not  in  itself  consti- 
metncal,  and  a  function  oV?n  ’  t6  external  form  must  be  geo- 

,  question  is  of  especial  iV"'6™'  a™8ente„t. 
t  ie  crystalline  entities  with  u  e^eSt  t0  metallographists,  because 
geometrical  exterior,  though  Tu 1C  We  kave  to  do  rarely  have  a 
tics  of  true  crystals  T0  .le'  kave  ah  the  other  characteris¬ 
tic  grains  which  constitute  qUeStion  whether  we  shall  call 
merely  “crystalline  grains  ”  °Ur  ™etalIic  masses  “crystals”  or 
ance  and  indeed  of  convenient  fragments  ”  is  one  of  impor- 
Language  looks  rath  ' 

onn  aim  u  kCCP  '^^age^stlblt6  t  faCt°  than  the  de  iure'  In 

PPo.se  Ranges  introduced  bv  Conservative  we  mav  justly 

cur re V  bUt  When  -0  try  to  mtdo  ,  ^  *"*>  the  meaning  of 

servers  °UI>  1S  often  hopeless  w,llch  have  already  oc- 

tage  to  be  g-bner*  ^  the  ^"gers^nd^  °f  bdngr  the  C°n‘ 
reverse  •,  f  e(  1S  &reat,  it  is  Hr.  i  r  nc  eed»  unless  the  advan- 

reverse^chanpe  wllich  js  _,*“*»*<  «>  whether  an  attempt  to 

established  is  justifiable. 

- - - 
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This  is  especially  true  when  the  chai  ge  which  we  would  reverse 
is  a  natural  expansion,  growing  out  of  the  development  of  our 
conceptions  and  oTour  knowledge. 

In  regard  to  crystalhood,  then,  we  may  ask  two  questions : 
“  What  is  the  usage  of  competent  writers  ”?  and  “  Is  it  desirable 
to  change  that  usage  ”  ? 

It  is  both  true  and  natural  that  the  older  crystallographers, 
whose  attention  and  indeed  knowledge  was  chiefly  confined  to 
external  form,  should  have  based  their  definitions  on  it.  Thus 
Dana : 

Crystal.  An  inorganic  solid  body,  bounded  by  plane  surfaces  symmetrical^ 
arranged,  and  produced  by  the  laws  of  chemical  affinity  acting  on  its  constituent 
molecules  in  the  transition  from  a  fluid  to  a  solid  state. 

But  modern  writers,  at  least  in  this  country,  have  often 
adopted  the  view  that  internal  structure  without  external  form 
sufficed  to  constitute  crystalhood,  and  that  external  form  was  not 
essential  to  it.  Thus  the  Standard  Dictionary : 

Crystal.  A  chemically  homogeneous  body  which,  in  the  absence  of  internal 
or  external  stress,  is  anisotropic  and  possesses  the  property  of  growing  in  a 
supersaturated  solution. 

A  crystalline  grain  lacking  external  symmetry  these  writers 
call  a  crystal.  If  you  ask  what  crystal  it  is,  they  reply  it  is  an 
“  anhedron,”  a  faceless  crystal. 

It  seems  to  me  that  this  usage  is  so  well  established  among 
competent  writers  that  it  should  be  accepted  and  assented  to,  un¬ 
less  grave  reasons  oppose  it ;  that  the  burden  of  proof  is  upon 
those  who  would  dislodge  it,  and  would  restrict  crystalhood  as 
of  old  to  externally  symmetrical  bodies. 

So  much  for  the  de  facto.  Now  as  to  reasonableness. 

Assume  a  case  of  an  initially  perfect  octahedron  growing 
within  a  supersaturated  solution.  This  octahedron  is  an  organ¬ 
ized  being,  fust  as  the  surface  of  the  intestine  of  an  animal  has 
the  power  of  selecting  from  the  food  presented  to  it  those  sub¬ 
stances  required  for  the  nourishment  and  the  growth  of  the  ani¬ 
mal  ;  the  power  of  absorbing  them,  of  assimilating  them,  and  of  re¬ 
jecting  all  other  matter;  and  just  as  the  animal  is  sustained  and 
grows  through  the  selective,  absorptive,  assimilative,  and  rejecting 
power  of  the  surface  of  its  intestines,  precisely  so  the  crystal  is 
armed  with  surfaces  which  have  the  power  of  selecting  from  the 
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liquid  in  which  it  is  immersed,  those  molecules  necessary  to  its 
growth  (namely  molecules  of  matter  like  to  itself)  of  absorbing 
those  particles,  of  assimilating,  i.  e..  of  polarizing  and  arranging 
them  in  a  definite  manner  about  its  own  structure ;  and  finally  of 
rejecting  all  foreign  molecules.  These  faces  thus  have  the  power 
of  selection,  absorption,  assimilation  (i.  e.,  polarization  and  ar¬ 
rangement  according  to  the  structural  needs  of  the  organism )  and 
rejection,  exactly  like  the  digestive  and  assimilating  powers  of  the 
animal.  Therefore  I  say  that  the  crystal  is  an  organized  being, 
and  that  each  crystal  and  detached  crystalline  grain,  is  a  separate 
and  definite  organization. 


Suppose  that  our  octahedron  now  keeps  on  growing,  main¬ 
taining  itself  as  a  perfect  octahedron  until  it  has  grown  to  such 
a  size  that  certain  mechanical  barriers  which  it  meets  within  the 
liquid  interfere  with  its  further  growth,  and  that  the  further  as¬ 
similation  of  matter  is  now  unable,  because  of  mechanical  obstme- 
-V?  ??serve  the  Strict  octahedral  form.  The  form  then 
''  1C,  iai  ^een  geometrical  up  to  the  time  when  this  mechanical 
er  erence  occurred,  now  ceases  to  be  geometrical.  The  object 

i„e\tG  e  3  Pertect  octahedron ;  but  does  it  cease  to  be  a  crystal? 
crystal  SU^P°Se  tliat  organized  being  continues  to  be  a 
and  that  it^f  rti  m°ment  °*  dds  outs*de  mechanical  interference, 
not  a  more  worK-T^  to  be  a  crystal  ?  Is  it 

remains  a  ervsr  \  e'  a  more  reasonable  scheme  to  hold  that  it 
crystal?  Then- 3  et°niled  cr-vstal  H  you  please,  but  still  a 

^  Jth;  d5ford  *  ^  re- 

Ut  us  take  another  case  O  P  ^  bUt  StiU  a  io°L 
is  removed,  and  its  anrdec  1  '  '  W  assumed  perfect  octahedron 

means.  If  the  CTindin*  k  are  ground  off  slightly  by  mechanical 

»  «  cominulOdt'lnd  H  f  ‘  '*■***  ^  ^ 

breaking  it  up.  the  question  i-  ?***  rt  more  and  nlore  'vuhoUt 
defaced  crystal,  or  does  t  1  -  d°  "  e  make  it  a  deformed  and 

implies,  only  a  cn-stallinefra^um^  7  ^  °smond’s  definiru\ 

ott  from  the  face  of  such  \  us  assume  that  we  grind 

to  destroy  its  geometrical  T  ^  IO  Per  Cent  of  its  matter.  enough 
9°  per  cent  a  crvstal  or  not  COmPletely.  Are  the  remaining 
mutilated  crystal  but  still ,  ‘r  “  ,dd  We  no*  say  that  thev  are  a 
ur,  it  wc  tahe  i  *  * 

chanical  obstruction  to  its  ^  'V”0*1  ,lad  been  distorted  b\  me- 

*  gr°'Vth'  a"d  now  grind  it  down  to  a 
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geometrical  form ;  do  we  thereby  change  what  was  not  a  crystal 
into  a  crystal? 

I  take  a  cube  of  fluorite ;  I  begin  cleaving  it  along  its  octahe¬ 
dral  cleavage ;  I  quickly  destroy  its  symmetry ;  I  continue  cleaving 
until  I  have  developed  a  perfect  octahedron.  At  the  beginning  and 
end  of  this  operation  there  is  perfect  external  geometrical  form, 
symmetrical  with  the  internal  structure.  Shall  we  therefore  say 
that  the  object  began  as  a  crystal,  ceased  to  be  a  crystal  when  I 
began  cleaving  it,  and  again  became  a  crystal  when  I  finally  re¬ 
duced  it  to  a  perfect  octahedron?  Is  it  not  a  more  workable  and 
reasonable  scheme  to  hold  that  it  was  manifestly  a  crystal  all  the 
time  ? 

The  case  is  essentially  different  from  that  of  a  statue,  a  cube 
or  even  of  a  man,  and  really  goes  beyond  even  that  of  a  book. 
Statuehood  and  cubehood  depend  exclusively  upon  external  form 
and  absolutely  upon  nothing  else.  I  knock  off  the  nose  of  a 
statue  and,  while  the  nose  becomes  a  fragment,  the  body  remains 
a  statue.  I  proceed,  I  knock  off  the  arms  and  legs,  and  soon  the 
statue  ceases  to  be  a  statue  and  becomes  a  fragment ;  for,  since 
statuehood  depends  exclusively  upon  external  form,  relatively 
slight  mutilation  suffices  to  change  a  statue  to  a  fragment.  In 
case  of  a  man  we  can  carry  the  destruction  much  farther  before 
manhood  ceases,  because  manhood  depends  directly  on  life,  and 
only  indirectly  on  external  form  as  necessary  to  life ;  we  can  cut 
off  both  arms  and  both  legs,  and,  if  life  continues,  the  man  re¬ 
mains  a  man  and  is  not  a  fragment  merely. 

In  case  of  a  book,  however,  mutilation  can  go  much  farther 
without  destroying  bookhood.  We  tear  the  covers  off  a  book  and 
it  remains  a  book,  the  very  same  book,  because  bookhood  is  not 
essentially  dependent  upon  external  form.  May  we  not  say  the 
same  for  the  crystal  —  that  external  form  is  not  essential  to  crys¬ 
talhood  ?  In  crystalhood  as  in  bookhood  is  not  the  interior  far 
more  essential  than  the  external  form?  But  is  not  the  essential¬ 
ness  of  internal  organization  true  a  fortiori  of  crystalhood,  since 
the  internal  organization  is  the  generator  of  outward  symmetry, 
and  will  reproduce  it  if  the  permissive  condition,  immersion  in  a 
suitable  solution,  exists? 

Is  it  not  a  more  reasonable  and  workable  scheme  to  regard 
the  matter  of  which  metals  are  composed  as  in  general  arranged 
in  crystals?  Each  grain  of  ferrite  in  low  carbon  steel  is  a  definite 
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organized  being  with  definite  cleavages,  with  its  particles  p0]ar 
ized  about  definite  axes,  and  maintaining  an  existence  independ* 
ent  of  its  neighbors ;  is  it  not  more  reasonable  to  call  these  grains 
crystals,  imperfect,  deformed  crystals,  but  still  crystals?  Their 
external  form  is  not  developed  because  of  the  mechanical  ob¬ 
structions  of  their  neighbors ;  but  is  it  not  more  reasonable  to' 
admit  that  their  internal  structure,  and  their  existence  as  inde¬ 
pendent  entities,  each  developing  its  own  structure  and  polarizing 
ns  own  particles  according  to  its  own  laws,  make  them  crystals? 

am  right  as  to  the  reasonableness  of  this  idea,  do  not 
considerations  of  convenience  lead  us  in  the  same  direction  ?  If 

TeSerToaT  *>  «  "o«  hjp 

gestion  of  crvct  conceptlon  of  tlle  case>  by  this  repeated  sug- 
S  extZ,  "e  S,rUCUlre?  VVe  do  not  d“eive  him  by  im- 
and  indeed  bfCa"Se. the  illustrati°"a  before'  him, 

metry  does  not  exist'P  Wh  '  *  St!^ect>  show  him  'hat  such  sym- 
“grains,”  is  not  Hi  Creas  ^  We  spea^  these  simply  as 

the  important  conc^tT^^f mther  awa-v  from  than  towards 
of  these  grains  ?  P  °f  the  Crystalli"e  structure  and  nature 

grains  “  crystalline  grains*””  kT-  ^  dlfficultT  b-v  calling  these 
offset  this  encumbering  of  on/  1S  any  sufficient  £ain  t0 
crystals  ’*  we  deceive  i  l)a§es-  If  we  call  these  entities 
call  them  “  crystalline  grains^1’' ’  1)Ut,We  su£gest  the  truth.  To 
or  ‘  fragments  ”  is  vaiL  •/  CUmbrous,  to  call  them  “  grains  ” 
To  s«m  up,  the  |  misleadi"g- 

regarding  external  symmetr^  Crystablo°d  on  internal  structure, 
hat  it  should  not,  as' an  alt/  Unessential  has  such  standing 
reasons  of  weight.  But  far  /  lve  “saffe,  be  opposed  unless  for 
choose  anew  between  inter nT  fmding  SUch  reasons,  had  we 
a*  the  essence  of  c/ystalh  Stn,cture  and  external  synime- 
"eighty,  reason  abb00;'’,he  f0"™''  would  be  no!  only 
wment  basis,  a"d  workable,  but  also  the  more 
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CRYSTALLIZATION  PRODUCED  IN  SOLID  METAL 

BY  PRESSURE* 

By  W.  CAMPBELL 

TN  making  experiments  at  the  Royal  College  of  Science  on  the 
influence  of  thermal  and  mechanical  treatment  on  the  micro¬ 
structure  of  metals  and  alloys,  I  noticed,  in  October  of  last  year, 
that  the  effect  of  hammering  a  button  of  slowly-cooled  tin  was 
to  produce  a  fine  crystalline  structure,  the  original  structure  of 
the  tin  being  completely  destroyed. 


Fig-  n  Fig.  2.  Fig.  3. 

Fig.  1  is  a  circular  section  of  a  button  of  tin  hammered  into 
'square  form.  It  has  been  polished  and  etched  with  dilute  nitric 
acid,  is  magnified  33  diameters  and  obliquely  illuminated. 

In  the  preparation  of  sections  of  tin,  it  was  found  that 
particles  tend  to  cling  to  the  file  and,  if  allowed  to  remain,  tear 
the  surface  of  the  metal.  The  effect  is  not  immediately  notice¬ 
able,  but  on  etching  the  polished  surface  there  appear  besides 
the  usual  structure  of  the  tin,  lines  of  much  smaller  crystals,  with 
irregular  boundaries  but  possessing  different  orientation.  If  the 
tearing  effect  of  the  file  has  been  extreme,  these  crystals  may  blot 
out  the  initial  crystallization  produced  by  the  original  cooling. 

Fig.  2  represents  a  section  of  cast  tin,  magnified  82  diameters, 
vertically  illuminated. 

If  the  surface  be  gradually  worn  away  by  continued  polish- 
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in-  these  crystals  gradually  disappear  and  the  usual  structure  of 
tin  appears,  showing  that  the  effect  is  only  on  the  surface.  A 
similar  crystallization  to  that  shown  in  Fig.  2  is  set  up  when  a 
section  is  cut  with  a  saw.  If  in  the  process  of  polishing  the  metal 
thus  modified  is  not  cut  away  the  fine  crystalline  structure  comes 
out  on  etching. 

Fig.  3  is  a  section  of  slowly-cooled  tin  in  which  this  struc¬ 
ture  has  not  been  entirely  removed  and  the  finer  crystals  are 
seen  together  with  the  larger  crystallization  characteristic  of 
slowly-cooled  tin. 

When  lead,  cadmium  or  zinc  are  hammered  the  original  struc¬ 
ture  is  destroyed  and  a  new,  very  fine  crystallization  takes  its 
place.  These  metals  are  affected  more  or  less  by  the  tearing 
of  the  file  and  might  have  been  used  to  illustrate  this  note.  Tin, 
however,  is  most  easily  etched. 

Thus  it  would  appear  that  a  metal  or  even  an  alloy  will  re¬ 
arrange  itself  under  the  slight  pressure  exerted  by  a  file. 
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steel  kedge  anchors.  Other  instances  could  be  introduced  along 
similar  lines,  proving  that  steel  may  be  ideal  in  its  chemical 
composition,  following  the  most  rigid  specifications  for  any 
given  class,  and  yet  without  any  warning  and  possibly  at  a  most 
critical  time  may  fail  in  service  or  manifest  an  excessive  degree 
of  brittleness.  The  natural  question  is — what  causes  brittle¬ 
ness?  With  abnormal  chemical  composition  the  answer  might 
be  comparatively  easy,  but  when  normal  chemically  the  mystery 
becomes  intensified.  The  question  of  unexplained  failures  has 
received  the  attention  of  many  noble  and  patient  investigators; 
each  advancing  elaborate  hypotheses  and  theories  with  some 
degree  of  truth;  but  it  remained  for  the  microscope  to  give  the 


Unannealed  Steel. 


Properly  Annealed  Steel. 
Magnified  140  diameters. 


Over-Annealed  Steel. 


true  explanation  leading  up  to  the  cause  of  brittleness  in  steel, 
and  by  its  use,  showing  how  such  can  be  lessened  or  prevented. 
Herein  lies  the  microscope’s  usefulness  to  the  advanced  metal¬ 
lurgist  seeking  for  causes  not  understood  in  the  light  of  the  usual 
chemical  analyses  of  steel  castings.  The  writer  holds  to  the  view 
that  brittleness  in  finished  castings  is  due  to  a  degree  of  cn  stal 
lization  as  a  result  of  imperfect  heat-treatment.  This  being 
true,  as  proved  by  tests  and  experiments,  the  nearer  cast  steel 
approaches  a  non-crystalline  or  distinctly  amorphous  structure, 
the  less  will  be  the  degree  of  brittleness,  or  conversely  the 
greater  the  degree  of  toughness.  It  can  be  shown  that  it 
possible  to  have  two  pieces  of  steel  identical  in  composition,  yet 
possessing  contrasting  physical  properties.  To  the  umnitiate 
this  may  seem  very  mysterious,  but  when  the  ef  ect  o  lea 
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treatment  is  understood  the  explanation  is  simplified  by  the  com¬ 
parative  study  of  the  structure  of  the  pieces  as  revealed  by  the 
microscope.  Great  credit  is  due  to  Sauveur  and  other  eminent 
microscopists,  who  by  their  labors  have  given  the  world  knowl¬ 
edge  of  much  moment  to  the  industrial  side  of  the  metallurgy 
of  steel. 

Before  advancing  arguments  in  the  support  of  the  neces¬ 
sity  of  annealing  all  ordinary  steel  castings,  it  may  be  helpful 
to  mention  briefly  the  effect  of  heat  upon  the  micro-structure 
of  cast  steel  and  its  physical  properties,  since  the  relation  between 
the  two  is  distinct.  The  term  “  annealing  ”  herein  used  is  not 
meant  that  long  continued  heating  at  a  white  heat  generally 
accepted  as  annealing,  which  in  reality  is  mere  soaking.  Prop¬ 
erly  stated,  annealing  is  that  process  of  heat-treatment  of  cast 
steel  by  which  crystallization  or  brittleness  is  removed,  con- 
yrring  upon  the  metal  its  best  possible  physical  condition,  the 
degree  of  heat  being  governed  by  the  carbon  content,  and  the 
°  time  k-  tbe  s‘ze  the  piece.  If  a  piece  of  steel  be 
*°  coo|  (n°t  quenched)  from  the  casting  temperature 
S  Ure  WlU  be  more  or  less  crystalline,  and  the  micro- 
temoeratn  COrresP°ncbn&ly  coarse,  depending  upon  the  initial 
-ood  ten^  T  l  rfte  °f  COOling'  Such  steel  Possesses  fairly 
ance  to  imn^T^’  °W  elongation  and  comparatively  no  resist- 
changes  in  the  p°n  re-heatmg  to  a  suitable  temperature  the 

the  ont  o are  ver>'  = 

replaced  by  a  verv  '(.ne'e'ra,, haVi"g  disaPP«>re<I,  being 

found  also  very  fine,  with  the  carh  '  n,,cr°-stru<:t“''«  * 

uted  throughout  the  mass  <c  /  comPound  evenly  distnb- 

tensile  strength,  will  be  much  '  ^  hC  sliShtb  lower  in 
•ion  of  area,  and  al"bri.,TentsZ,  “  e'°ngati°"  red“C- 
be  hammered  cold  henH-  n  g  removed,  the  steel  can  then 
This  last-named  tesl  gives  I,  '  tUPO"  .itSe,f 
writer  as  to  the  physical  <•  lnformatlon  in  the  opinion  of  the 
treatment  than  can  be  gainedT"  35  *  rCSult  °f  careful  heat' 
machine,  even  with  considcrahl  ^  C  stead>r  pull  of  a  testing 
an  evidence  of  toughness,  since  i!  °ngatlon’  usually  regarded  as 
gate  and  still  have  little  resist  1S  nown  that  steel  can  elon- 
of  this  article  to  emphasize  th^need  Sf°Ck'  11  'S  the  PurP0SC 
anneal, ng,  necessitating  the  dissolvTnt  °  ,  ?reful  and  intelligen' 

s  i  the  varied  opinions  a> 
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to  whether  steel  castings  should  or  should  not  be  annealed  when 
not  supported  by  facts  gained  by  patient  trial  or  investigation. 
There  is  no  part  of  the  manufacture  of  steel  castings  that  receives 
more  abuse  than  the  reheating,  and  it  is  not  to  be  wondered  that 
some  claim  that  such  treatment  is  not  necessary;  but  when  it  is 
understood  that  the  best  possible  physical  properties  of  normal 
steel  for  a  given  class  can  only  be  acquired  bv  careful  heat- 
treatment  there  can  be  no  doubt  that  any  manufacturer  of  steel 
castings  with  the  aim  to  reach  the  best  resuls  will  be  willing  to 
give  the  problem  serious  attention. 

Given  a  normal  chemical  composition,  the  physical  prop¬ 
erties  of  cast  steel  regarding  resistance  to  all  strains,  then,  are 
solely  a  function  of  heat-treatment ;  so  to  produce  the  desired 
and  most  important  quality,  namely,  resistance  to  impact,  the 
temperature  of  annealing  is  confined  necessarily  to  certain 
limits ;  otherwise  the  attempt  is  defeated,  since  a  high  heating 
produces  crystallization  and  its  equivalent,  brittleness ;  or  in  the 
case  of  too  low  a  heating  the  original  coarsely  crystalline  struc¬ 
ture  conferred  by  the  casting  temperature  will  not  be  removed. 
Herein  lies  the  secret  of  tough  steel. 

The  writer,  as  chief  chemist  for  the  Shickle,  Harrison  & 
Howard  Iron  Co.,  St.  Louis,  was  led  to  take  up  the  study  of 
cast  steel  by  means  of  the  microscope.  Needless  to  say,  its 
value  as  an  adjunct  to  a  modernlv  equipped  laboratory  is  in¬ 
estimable.  The  photo-micrographs  submitted  are  of  steel  made 
by  the  above  firm,  and  are  considered  fairly  representati\e  of 
twenty-five  to  thirty  carbon  steel,  and  are  uniformly  magnified 
one  hundred  and  forty  diameters. 

In  conclusion,  with  the  deserving  attention  to  both  the  chem¬ 
ical  composition  and  subsequent  heat-treatment,  steel  castings 
can  be  made  with  such  properties  physically  that  will  insure 
results  in  service  to  an  extent  that  when  not  strained  be\  one!  the 
elastic  limit  of  the  metal  they  will  have  a  life  that  will  be  prac¬ 
tically  indefinite. 
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Contributions  to  the  Study  of  Alloys.  —  The  Societe  d’En- 
couragement  pour  lTndustrie  Nationale,  of  Paris,  has  published 
a  beautiful  volume  of  517  pages,  entitled  Contributions  a  1  Etude 
des  Alliages,  which  includes  the  results  of  the  researches  under¬ 
taken  by  the  Committee  on  Alloys  of  the  Societe  previously 
published  in  the  Bulletin.  The  list  of  these  papers  is  as  follows : 


1. 

2. 
3* 

4- 

•  5. 
6. 

7- 

8. 


of 

9- 


10. 


11. 


12. 


13. 

14. 

15. 


Research  on  Alloys  of  Copper  and  Zinc,  by  G.  Charpy;  62  pages. 

On  Microscopic  Metallography,  by  H.  Le  Chatelier;  8  pages. 

Research  on  the  Structure  of  Metals,  their  Genesis  and  their  Trans¬ 
formations,  by  Sir  W.  Roberts-Austen  and  F.  Osmond ;  20  pages. 
Research  on  the  Fusibility  of  Metallic  Alloys,  by  H.  Gautier;  28  pages. 
Microscopical  Study  of  Metallic  Alloys,  by  G.  Charpy ;  38  pages. 
Magnetic  Properties  of  Hardened  Steel,  by  Mrs.  Slodowska  Curie ;  44 
pages. 

Study  of  White  Alloys  called  Antifriction,  by  G.  Charpy;  40  pages. 
Study  of  the  Influence  of  Temperature  upon  the  Physical  Properties  of 
Metallic  Alloys,  by  G.  Charpy ;  36  pages. 


The  following  important  articles  closely  related  to  the  work 
the  Committee  are  also  published  in  the  same  volume : 

General  Method  for  the  Micrographic  Analysis  of  Carbon  Steel,  by  F. 
Osmond;  50  pages.  This  memoir  had  been  published  in  the  Bulletin 
of  the  Societe,  but,  as  it  appears  now,  it  has  been  carefully  revised, 
enlarged  and  brought  up  to  date  by  its  author. 

^on  and  Steel  from  the  Point  of  View  of  the  Phase-Doctrine,  by  H.  W. 
Bakhuts  Roozeboom ;  60  pages.  This  is  a  full  French  translation, 
previously  published  in  the  Bulletin,  of  the  German  original. 

On  the  Propert.es  of  Alloys,  by  H.  Le  Chatelier;  26  pages.  This  is  a 
Pf  °.rl.^lna  PaPer  dealing  principally  with  the  experimental  study 
anH  .1  n  °  a,1°yS  and  tlle  relation  between  these  dilatations 

points  3  °tr°P1C  transformations  corresponding  to  thermal  critical 

^his'aSr1^1  Rfsistancfe  of  A1,°ys-  by  H.  Le  Chatelier;  8  pages. 

the  tomptes  RZdil.^  °  Sh°rt  n°teS  previously  Published  in 

Chatelier^^pages'^Th^  M'Cr°SCOpic  Metallography,  by  H.  Le 
Mctallographist  PapCr  WES  0riginally  published  in  The 

Metallic  Alloys,  bv  H  I.a.t.r 

published  in  the  Revue  Genlale'des  1-^%  TThis  paper  was  firi‘ 
Research  on  Nickel  Steel  h  r  u  Scte^es  for  June.  1895. 

Hshed  in  the  Bulletin  of’ the  44  P3geS‘  Previously  P"b' 
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16.  Research  on  the  Chemical  Constitution  of  Steel  and  Cast  Iron,  by  A. 

Carnot  and  E.  Goutal ;  24  pages.  Published  originally  in  the  Annates 

des  Mines,  October,  1900. 

The  articles  marked  5,  6,  7,  13  and  16  were  translated  and 
published  in  full  in  past  numbers  of  The  Metallographist ,  while 
article  1 1  was  partially  reproduced.  It  thus  appears  that  nearly 
one  half  of  this  voluminous  publication  has  been  translated  for 
the  benefit  of  our  readers,  and  we  hope  to  be  able  to  offer  them 
soon  a  full  translation  of  the  classical  work  of  Osmond,  Mcthodcs 
Generates,  in  its  revised  form. 

This  publication  of  the  Societe  d’Encouragement  testifies 
to  the  success  of  their  enterprise,  and  entitles  them  to  the 
gratitude  of  the  scientific  and  industrial  world. 

The  typography  of  the  book  and  the  numerous  illustrations 
are  excellent.  The  price  of  the  volume  is,  in  Paris,  30  francs. 

We  reproduce  below  in  full  the  preface  of  Mr.  Linder, 
President  of  the  Committee  on  Alloys,  which  explains  the  aim 
and  scope  of  their  important  work: 

Industrial  operations  cannot  be  properly  conducted  without 
the  assistance  of  scientific  research ;  it  is  a  commonplace  asser¬ 
tion.  Empirical  methods  have  frequently  preceded  theoretical 
rules  and  have  even  suggested  theoretical  studies,  but  these  have, 
in  turn,  soon  led  to  improvements  in  practical  methods.  Many 
industries  can  exist  to-day  only  by  calling  incessantly  upon  science 
for  assistance,  while  in  the  case  of  others  empirism  still  remains 
the  only  guide  of  the  manufacturer,  even  for  the  conduct  of  the 
most  important  operations.  The  preparation  of  alloys  whose 
applications  have  always  been  full  of  interest,  and  which  are 
becoming  every  day  more  numerous  and  more  varied,  belongs 
to  the  latter  class. 

The  results  of  many  investigations  of  alloys  had  been  pub¬ 
lished,  but  they  were  not  sufficient,  and  often  presented  such 
contradictions  that  it  had  become  absolutely  necessary  to  go  over 
the  work,  completing  it  and  presenting  it  more  systematically. 

In  1893  the  Societe  d’Encouragement  pour  1  Industrie  Xatio- 
nale  decided  to  lead  this  movement  in  France,  first  in  creating 
a  prize  of  2000  francs  to  be  awarded  to  the  author  of  the  most 
valuable  investigation  of  the  properties  of  alloys,*  and  later  in 

*  This  prize  was  awarded  in  1893  to  Messrs.  Osmond  and  Roberst, 
Austen. 
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taking  the  initiative  in  undertaking  experimental  researches  and 
appointing  to  that  effect  a  special  committee  composed  of  mem¬ 
bers  of  the  council.* 

In  the  following  pages  will  be  found  briefly  outlined : 

I.  The  motives  which  led  the  Society  to  undertake  this  work. 

II.  The  experimental  methods  which  were  considered  better 
adapted. 


iletalhc  alloys  occupy  an  important  place  in  the  industrial 
wor  c .  he  character  of  some  of  their  physical  properties  (hard¬ 
ness  malleability.  fusibility,  unalterability)  cause  them  to  be  pre- 
erre  in  many  instances  to  pure  metals.  In  spite  of  this  extended 

ert-Zeryr  Was.known  concerning  their  constitution  and  prop- 
„  ,  °  ?r°Ve  lt’  i,:  wiN  suffice  to  open  at  random  a  book  on 

devoted  to  AdrTubj^Th7  =  &  ^7  ^  ^  wU1  be  f°Und 

industries  werp  ■  ■  16  resu^  was  that  while  numerous 

of  chemistrv  since  *  p0werful  imPulse  from  the  progress 

escaping  this  infli  a  *  eg"lmg  of  the  cen*ury,  the  alloy  industry, 
empirical  methods^Each™10^  Statl°nar-V’  entrenched  in  its  old 
wastheres^of  „n,  ,rgreSS.intr°duced  in  this  industry 
have  been  suppressed™^  !  tCntatlve  exPeriments,  which  could 
extent,  with  Z  ^7  *  to  ‘  ^  ^ 

Interesting  scientific  papers  had6^"^’ 
such  as  those  of  Grace  ,a  been  Puhhshed  on  alloys, 

Austen,  Lodge,  ***  " 

conclusions,  owing  to  their  ’  Klc  le>  and  others,  but  their 

both  by  chemists  and  manuLemT*  COntradictions,  were  ignored 
carefully  examined  and  conn  ,erS'  ^nd  sdd  when  they  are 
while  they  included  unmistakahl  °"e  'S  °bliged  to  admit  that 
some  very  important  facts  sucl  /  errors’  they  have  established 
the  chemical  formula  of  definit  '  ^  lnstance>  as  the  existence  and 
alloys  (bronze  and  brass).  Th'  COrnpounds  *n  certain  commercial 
the  efficiency  of  certain  exoer^  laVe  a'S°  'mProved  and  shown 
applied  to  all  similar  cases  and  mfnta^  niethods  which  may  be 

would  surely  add  greatlv  to  n,,r  i?  if  systematically  applied. 

-  o  our  knowledge  of  alloys.  ' 

*  Messrs.  Linder,  president  -  T  — - - 

Carpentier,  Hirsch,  S,„»Ee,  Caille,*.  Carno,. 

8  ’  v>e.He,  and  Violle.  members. 
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1  lie  most  salient  point  of  these  researches,  considered  in  their 
ensemble,  is  that  all  the  properties  of  alloys,  and,  therefore,  their 
industrial  value,  depend  directly  upon  two  factors: 

1.  Their  chemical  constitution,  that  is,  the  proportion  of  the 
component  metals,  of  the  chemical  compounds  formed  bv  these 
metals,  of  their  mixtures  and  of  their  various  allotropic  con¬ 
ditions. 

2.  Their  physical  constitution  or  structure,  that  is,  the  shape 
and  dimensions  of  the  crystals  of  the  elementary  constituents, 
which,  through  their  juxtaposition,  constitute  the  metallic  mass! 

The  influence  exerted  by  the  chemical  constitution  upon  the 
properties  of  alloys  is  very  great. 

A.  It  has  been  shown  long  ago  that  the  great  hardness  of 
bronze,  of  aluminium  bronze  and  of  brass  is  due  to  the  formation, 
in  these  alloys,  of  very  hard  definite  compounds,  whose  existence 
and  composition  have  been  ascertained  by  the  investigations  men¬ 
tioned  above.  The  case  is  very  different  with  alloys  of  tin  and 
zinc,  of  lead  and  aluminium,  which  being  formed  by  simple  juxta¬ 
position  of  crystals  of  the  two  component  metals,  have  a  degree 
of  hardness  which  is  intermediate  between  the  hardness  of  both 
metals.  According  to  some  well  known  investigations  of  Grace- 
Calver  the  hardness  of  the  alloy  can  be  calculated  by  the  law  of 
mixture. 

B.  It  is  also  known  that  brass  rich  in  zinc  and  that  bronze 
are  quite  unalterable.  This  property  evidently  results  from  the 
formation  of  definite  compounds,  which  must  have  evolved 
some  heat  while  being  formed,  and  lost  thereby  a  portion  of  their 
power  to  lend  themselves  to  further  chemical  reaction. 

C.  The  enormous  increase  in  electrical  resistance  resulting 
from  the  addition  of  small  quantities  of  certain  metals  to  another 
pure  metal  is  well  known,  but  the  mechanism  of  this  influence  is 
difficult  to  ascertain  owing  to  our  limited  knowledge  of  the  true 
chemical  constitution  of  such  alloys.  Manganese  and  nickel,  which 
greatly  increase  the  electrical  resistance  of  iron,  form  undoubtedly 

,  with  this  metal  isomorphous  mixtures,  but  is  this  the  case  in  all 
similar  instances,  in  alloys  of  gold  and  silver,  for  example,  whose 
electrical  resistance  is  also  very  great?  It  seems  probable,  but  it 

is  not  certain.  .  . 

D.  When  allovs  are  made  up  by  the  juxtaposition  of  crystals 
of  the  component  metals,  without  the  'formation  of  chemical  com- 
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pounds,  their  fusibility  is  greatly  superior  to  the  average  fusibility 
of  the  associated  metals.  In  the  case  of  isomorphous  mixture,  on 
the  contrary,  the  fusibility  approaches  the  average  fusibility. 

When  a  definite  compound  is  formed  in  the  alloy,  fusibility 
is  generally  greatly  decreased,  and  the  melting-point  of  the  com¬ 
bination  is  then  sometimes  decidedly  superior  to  that  of  the  com¬ 
ponent  metals. 

The  influence  of  the  physical  constitution,  or,  in  other  words, 
of  the  structure,  upon  the  properties  is  not  less  marked.  It  is 
possible  to  judge  of  this  influence  by  the  examination  of  the 
fracture,  but  only  to  a  very  limited  extent,  especially  with  regard 
to  the  mechanical  properties,  the  malleability  for  instance.  It 
appears  to  be  well  proved  that  a  characteristic  relation  exists  be- 
tw  een  the  grain  of  the  fracture  and  the  elongation  of  pure  metals. 

The  cutting  ( frottcment )  of  bearing  allovs  appears  also 

to  depend  upon  the  structure. 


n 

is  e\ident  from  these  considerations  that  the  first  aim  of 
t,  e  a  stu  }  of  alloys  should  be  to  ascertain  accurately  their 

tZTlTTr  “d  their  .Structure>  and  that  its  final  aim 
Drooerties  *  °  ^  re^at'on  existing  between  their  useful 

properties  and  the  constitution  previously  determined. 

the  chemical  Jestl£atl°ns>  carried  on  in  recent  years  concerning 
lertatTn IZTTTV'  ^  have  *<>wn'the  efficiency  of 
erallv  and  systematicidlv  fh  ^  iWhlCh  ^  be  n°W  used  more  gen' 
methods  is  alone  sufficient  to  fS°  Sh°Wn  that  noneof  thcse 
mutual  assistance,  because  eaS  V.  VV  T  prol)lem-  The-V  need  the1^ 
cases,  and  especially  because^  ^  ^  fail§  “  CCrtain  SpeCl3 

results  may  lead  to  different  int  *  ^  mdirect  methods’  whose 
dictory  ones.  The  erPretations,  sometimes  to  contra- 

instance,  had  w'o “SrTT0/  conductiWlity,  for 

pounds  and  of  allotronic  tran  f  S  UKe  °f  certain  defm,te  com' 
firmed  by  subsequent  experimmts^n10^  WhiCh  WCre  C°n' 
it  is  necessary  to  emolov  «•  i  °  order  to  avoid  such  errors, 
which  appear  to  be  better  lm”  taneously  the  various  methods 
constitution  of  alloys,  as  for  '  ?  t0  tbrow  some  light  upon  the 
the  compounds,  the  determinaHn^'To  ^  chemicaI  separation  of 
motive  force  and  of  the  electr-  i  °  °  ^us‘bility,  of  the  electro- 

ectncal  conductibility. 
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The  chemical  separation  of  the  compounds  may  be  applied 
to  those  alloys  which  contain  an  excess  of  the  metal  more  readily 
acted  upon  by  dissolving  them  in  a  suitable  reagent.  It  is  possible 
by  this  method  to  ascertain  the  existence  or  absence  of  definite 
compounds,  and,  if  the  alloys  be  ternary  ones,  what  are  the  metals 
which  form  combinations.  Incidentally  it  may  give  a  means  to 
determine  the  principal  specific  properties  of  the  compounds  de¬ 


tected. 

The  fusibility  method  is  based  on  the  fact,  ascertained  by  ex¬ 
periment,  that  a  molten  mixture  of  several  metals,  when  allowed 
to  cool,  does  not  become  entirely  solid  at  a  constant  temperature 
as  is  the  case  with  a  pure  metal.  The  solidification  of  such  mix¬ 
ture  begins  at  a  certain  temperature  which  depends  upon  the  com¬ 
position  of  the  mass ;  it  progresses  as  the  temperature  is  further 
lowered,  and  is  completed  at  a  certain  constant  temperature.  The 
point  at  which  solidification  begins  is  the  one  that  should  be  con¬ 
sidered  as  the  true  solidification  point  of  the  alloy ;  it  corresponds 
to  the  point  of  crystallization  of  aqueous  solutions,  and  the  curves 
representing  the  relation  between  these  points  and  the  correspon 
ing  compositions  of  the  alloys  are  exactlv  similar  to  so  u  1  it\ 

curves. 

The  general  appearance  of  fusibility  curves  may  give  some 
very  valuable  indications  concerning  the  chemical  constitution  o 
alloys.  It  is  well  known  that  they  are  composed  of  as  many 
branches  forming  sharp  angles,  as  there  are  chemica  >  | 1 
constituents  (definite  compounds  or  allotropic  varieties  P 

upon  solidification.  ,  ,  _  :c 

The  determination  of  the  electromotive  orces  o  so  , 

of  all  the  methods  previously  used,  the  one  which  seems  desti 
to  furnish  the  most  accurate  data  concerning  t  e  compo  ^ 

the  definite  compounds  present  in  alloys.  en  ie  d 

of  an  alloy  of  two  metals  is  progressively  altered, 
sometimes  enormous  variation  in  the  electromotive  d  is 

tion  takes  place  when  the  composition  of  a  defini  e  P 

^The  electrical  conductibility  of  alloys  may  also >  give  some 
indications  concerning  the  definite  compoun  s,  con_ 

case  of  isomorphous  mixtures.  The  enormous  decrea^  *  _ 

ductibility  resulting  in  a  metal  from  the  a  ^00^  formation  of 
hes  of  foreign  elements,  appears  to  be 
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isomorphous  mixtures.  It  is,  at  any  rate,  the  case  with  alloys  of 
iron  and  nickel  or  manganese,  and  gold  and  silver  alloys. 

The  existence  of  direct  relations  between  the  physical  struc¬ 
ture  of  a  metal  and  its  mechanical  properties  is  a  fact  too  well 
known  to  be  insisted  upon. 

In  all  metallurgical  works  the  operations  are  controlled  ac¬ 
cording  to  the  appearance  of  fractures  whose  character  depends 
primarily  upon  the  physical  structure  and,  to  a  certain  extent, 

upon  the  hardness  and  malleability  of  the  elementary  constit¬ 
uents. 


1  he  variations  in  the  appearance  of  the  fractures  of  the  same 
metal  give  very  valuable  indications  concerning  its  mechanical 
properties.  Unfortunately  the  appearance  of  fractures  does  not 
admit  of  any  accurate  definition;  they  cannot  be  permanently 
reproduced  on  paper,  and  do  not  lend  themselves  to  really  scien- 

Jhnlr  USe  mUSt  be  ClaSSed  amonS  these  empirical 
ff  i  undoubtedly  very  useful  in  industrial  operations,  but 

te  dnVlr  ,  VeS,rable  to  co"f°l  by  some  more  scientific 
MeS  %  °Se  Cmpl0y  1°uId  onl-v  be  intermittent. 
Osmond  an/Tnfh  Y  CTkm  by  S^rby  and  developed  by  Martens, 
revTah  the  stn  rS’  u  the  desired  conditions.  It 

whose  iuxtaoositin^  ^  that  1S’  the  form  of  the  constituents 
possible  to  o^l?trnSt,!UteS  thC  metaIHc  mass  and  ™akes  it 
the  structure.  ’  IOU?1  Photography,  a  permanent  record  of 


the  structure  of  metalTconsists  ^  miCr°SCOpical  examination 

surface  by  ordinary  polishing  method!^'!?!  3  a"d  P°Hs! 
upon  this  surface  of  the  om-r  ,ds’  and  to  cause  the  apparit: 

utilizing  their  different  resistant  °t  **  dlfferent  constituents. 

The  investigations  just  outline  lPr0perly  Selected  rea£ents 
acter  as  to  yield  a  sufficiently  clear  '  T  probably  of  such  c,1: 
and  chemical  constitution  of  all  understanding  of  the  physf 
relations  existing  between  thes  °'  S’  •  U*  tbey  do  not  reveal  t 
erties  of  the  alloys,  such  as  tl  C?nf,tutions  and  the  useful  prc 
importance  in  the  mechanical  iVCU|  .lardness  and  malleability, 
and  electrical  conductibility  of ■  °.g  of  metaIs  5  their  fusibili 
mgs,  the  latter  in  electrical' wnrllniP?rtanCe’  tbe  f°rmer  in  ca. 
posed  to  atmospheric  agencies  nf  •  ^  Una,terability  when  e 

Of  these  various  properties  'mportance  for  all  metals. 

S’  the  mechanical  properties  alo, 
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demand  a  separate  study.  Fusibility  and  electrical  conductibility 
will  have  been  studied  in  connection  with  researches  relating  to 
the  chemical  constituents,  while  the  degree  of  unalterability  will 
be  indirectly  ascertained  through  the  measurement  of  the  electro¬ 
motive  force  and  through  the  etchings  with  various  reagents 
called  for  by  the  study  of  the  physical  structure. 

The  temptation  might  be  at  first  to  limit  the  study  of  the 
mechanical  properties  to  those  alloys  which  are  more  likely  to  be 
found  useful  in  the  arts,  to  the  exclusion  of  the  numerous  alloys 
which  owing  to  their  brittleness  have  no  industrial  importance. 
Such  course,  however,  would  undoubtedly  be  a  wrong  one,  for  the 
real  value  of  such  investigations  consists  in  bringing  to  light  cer¬ 
tain  general  laws  which  will  manifest  themselves  much  more 
clearly  in  the  case  of  extended  series  of  experiments  including 
numerous  alloys.  It  should  be  noted  here  that  the  sterility  of 
many  of  the  researches,  already  so  numerous,  dealing  with  iron 
and  steel,  comes  from  the  fact  that  they  were  almost  always 
limited  to  industrial  products. 

This  necessity  of  studying  complete  series  of  alloys,  a  number 
of  which  are  extremely  brittle,  makes  it  necessary  to  replace  the 
ordinary  tension  tests  by  compresson  and  bending  tests.  It  may 
be  stated  with  regard  to  the  latter  that  they  yield  indications 
nearly  equivalent  to  those  of  tension  tests  and  that  the  amount 
of  deflection  is  as  satisfactory  to  judge  of  the  malleability  of  the 
metal  as  the  elongation. 

Ordinary  tension  tests,  moreover,  may  be  made  in  the  case 

of  particularly  interesting  alloys. 

In  the  investigations  so  far  undertaken,  all  proportions  o 
the  constituent  metals  have  been  considered,  from  o  to  100  per 
cent,  no  special  attention  having  been  paid,  a  priori,  to  any  one 
proportion.  It  is,  however,  important  to  consider  separately  t  le 
case  of  alloys  in  which  one  of  the  component  metals  is  present 
only  in  very  small  proportion,  1  per  cent  or  less,  for  instance. 
These  alloys  deserve  special  attention  for  three  reasons: 

1.  These  slight  amounts  -of  some  elements,  added  to  a  meta 
and  generally  called  impurities,  may  exert  an  enormous  in  uence 
upon  certain  properties,  especially  upon  the  physical  structu 
the  malleabilitv  and  the  electrical  conductivity. 

2.  It  is  impossible  in  the  production  of  metals  and  alloys 
completely  avoid  the  presence  of  some  of  these  impurities. 
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3.  The  experimental  study  of  such  alloys  is  accompanied  bv 
exceptional  difficulties  both  with  regard  to  their  preparation  and 
their  chemical  analysis. 


Ill 

Such  is,  briefly  outlined,  the  program  of  the  researches  on 
alloys  which  the  Committee  of  the  Societe  d’Encouragement 
deemed  important  to  undertake.  Before  making  a  start,  however, 
the  Committee  thought  it  advisable  to  select  the  alloys  which 
should  be  first  investigated. 

From  a  purely  speculative  point  of  view,  the  allovs  to  be 
selected  were  evidently  those  composed  of  metals  which  could  be 
readih  allowed  in  all  proportions,  that  is,  the  alloys  of  miscible 
metals^  fusible,  not  easily  oxidized  when  exposed  to  the  air  and 

. e  on^in£  *°  xari°us  groups,  so  as  not  to  overlook  some  interest¬ 
ing  phenomena  which  might  belong  only  to  some  alloys. 

rom  t  le  exclushe  point  of  view  of  commercial  application, 

°"J rrT'  a"0ys  ‘°  select  ‘l»se  in  general  use, 

f  rW  **  pr°duMd  a‘  lo»  ~st,  and  among  them 
had  in  re  -e  T  °  '  ^lven  to  the  metals  whose  cost  of  production 

great'y  reduc«'.  -  aluminium, 

inquiries,  rveri  much  Sy  mSne7"  T  “  7* 

In  order  to  conciliate  l  oth  ?•*  new,and  ‘“teresting  results, 
divide  in  two  grouns  th*  n  ews’  the  Committee  was  led  to 

prising  alloys  whose  comnW^l  be  Studied  :  one  grouP  conl* 
mixed  in  all  proportions  fro6  S  Ud'V  Sh°uld  be  undertaken,  when 
eluded  the  following  alloys-  ™  °  t0  I0°  per  cent’  and  which  in~ 

^r.inro„v,«^-«^cCOP“^ 

Antimonv-lead  ant;™  .  inc’ 

The  other  group  inchS'rt  an,im°ray-nickel. 
partial  study  only,  either  be  10Se  ado'rs  which  called  for  a 
all  proportions,  or  because  th ^i  could  not  be  prepared  in 
many  investigations.  Thev  ?a<^  a^ready  been  the  object  of 
Silicon-aluminium,  silicon-conne  the  foll°wing  alloys: 
Copper-zinc,  copper-tin  P  r'  sdlcon-zinc,  silicon-tin. 

1  he  Committee  thPn  a  • , 

should  be  undertaken  f'rstdeC,ded  "“<  ‘he  following  researches 
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Chemistry  of  alloys. — Determination  and  study  of  the  definite 
compounds  existing  in  alloys. 

Mechanical  properties  of  alloys. — Tenacity,  hardness,  brittle¬ 
ness,  malleability,  effect  of  cold  working,  hardening  and  an¬ 
nealing. 

Electrical  properties  of  alloys. — Electrical  conductibility  and 
electromotive  force  of  solution. 

Fusibility  of  alloys. 

Influence  of  impurities  in  commercial  metals  and  alloys. 

Magnetic  properties  of  iron  alloys. — This  study  to  be  con¬ 
ducted  from  the  point  of  view  of  the  manufacture  of  permanent 
magnets. 

In  order  to  fill  this  broad  program,  the  Committee  secured 
the  assistance  of  scientists  and  engineers,  who  had,  by  their  pre¬ 
vious  work,  proved  their  unquestionable  competency  in  the  sub¬ 
jects  which  they  agreed  to  investigate.  It  will  suffice  to  mention 
the  names  of  Mrs.  Sklodowska-Curie  and  of  Messrs.  Charpv  and 
Gautier,  whose  important  memoirs  have  been  published  in  the 
Bulletin.  For  the  convenience  of  the  persons  who  will  have  to 
consult  them,  they  are  to-day  published  together  in  a  single 
volume  and,  to  add  to  the  value  of  the  publication,  some  personal 
publications  of  Messrs.  Osmond,  Carnot,  Guillaume  and  H.  Le 
Chatelier,  on  similar  subjects,  have  also  been  reproduced.  These 
memoirs  had  already  been  published  in  the  Bulletin  or  are  due 
to  members  of  the  Council. 

An  important  part  of  the  material  needed  for  these  researches 
was  generously  provided  by  industrial  works  and  by  individuals 
interested  in  the  success  of  our  enterprise.  Among  these  we  find 
the  following  names:  Mr.  Solvay,  Societe  Royale  asturienne,  the 
six  great  French  Railroad  Companies,  the  Societe  des  Forges  et 
Acieries  de  la  Marine,  the  Chatillon  and  Commentry  Co.,  the 
French  Metal  Company. 

The  Committee  take  this  occasion  to  again  thank  them  very 
warmly  for  their  generosity  in  favor  of  an  undertaking  ur  ic  i,  it 
is  to  be  hoped,  will  soon  prove  its  industrial  importance. 

The  Committee  also  desire  to  express  their  gratitu  e  to 
secretary,  Mr.  H.  Le  Chatelier,  the  active  promoter  of  their  laior 
to  which  he  has  rendered,  with  absolute  devotion,  tie 
precious  assistance. 
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The  Temperature  of  Rolling.  —  To  the  most  advanced  Amer¬ 
ican  students  of  the  structure  and  treatment  of  steel  there  is 
scarcely  anything  new  in  the  abstract  we  print  on  another  page 
of  Mr.  Ridsdale’s  paper  before  the  Iron  and  Steel  Institute  on 
the  correct  treatment  of  steel,  but  we  venture  to  say  that  the 
knowledge  acquired  by  advanced  investigators  as  to  the  proper 
treatment  of  steel  in  rolling  and  annealing  has,  on  account  of  the 
extremely  recent  date  of  the  investigations,  not  yet  reached  the 
bulk  of  those  who  are  connected  with  the  manipulation  of  steel. 

It  has  been  established  that  more  depends  upon  the  proper 
heat  treatment  of  steel  after  the  ingot  has  been  cast  and  bloomed 
than  upon  either  its  chemical  composition  or  the  process  by  which 
it  has  been  made. 


A  large  percentage  of  the  steel  which  is  being  turned  out 
of  finishing  mills  to-day  is  subjected  to  treatment  which  makes 
poorer  material  than  would  result  from  the  employment  of  steel 
of  analyses  which  no  manager  would  accept  from  the  steel  maker. 
slnSle  finishing  pass  at  an  improper  temperature  may  be  worse 

or  the  steel  than  a  variation  of  manv  points  in  some  of  the 
impurities. 

The  impression  has  grown,  because  until  very  recently  there 

nrarHCen  T  ^  ,COntrOVert  that  when  Steel  is  made  that  is 
the  sha^e  H  ^  •  ?•*  ^  ~that  beat'ng  and  rolling  concern  only 

traced  back  to  t^dien'iicaTconin^bv*0^  characteristics  cannot  ** 
it  is  becan^  ti-,«  i  •  composition  or  method  of  manufacture 

hotv  1,  ChT‘  Cann0t  *"<■  out  all  that  chemistry  should 

*»  of  the  er~’  *"d  tlKaW'iCa- 

the  structure  of  steel  caused  I  c  lnvestl«atlng  the  changes  in 

many  mysteries  and  result  in  rt  a"d  rolling  wiU  clear  "P 

islied  material  r,„  ,  ~  le  Pro(lttction  of  much  better  fin- 

•  tin  and  Terne,  September  19,  1901. 

PhyS->  laboratory.*  —  Let 

main  unsolved,  to  tlie  work  SOme  of  the  problems  which  re¬ 
doing  which  it  will  realize  tl •  °Ur  laboratory  is  to  do  and  by 
scopic  examination  of  moi.i  *  °f  its  found'ers.  The  niicro- 
that  date  many  distin^^T*8  begUn  by  Sorby  in  1864.  Since 
Ewing-,  Martens,  Osmond  dRefpenmenters,  Andrews,  Arnold, 
.T—  -  ^  Roberts- Austen.  Stead  and  others 


R.  T. 
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have  added  much  to  our  knowledge.  I  am  indebted  to  Sir  W. 
Roberts-Austen  for  the  slides  which  I  am  about  to  show  you  to 
illustrate  some  of  the  points  arrived  at.  Professor  Ewing  a  year 
ago  laid  before  the  Royal  Institution  the  results  of  the  experiment 
of  Mr.  Rosenhaim  and  himself.  This  microscopic  work  has 
revealed  to  us  the  fact  that  steel  must  be  regarded  as  a  crystal¬ 
lized  igneous  rock.  Moreover,  it  is  capable  at  temperatures  far 
below  its  melting  point  of  altering  its  structure  completely,  and 
its  mechanical  and  magnetic  properties  are  intimately  related  to 
its  structure.  The  chemical  constitution  of  the  steel  may  be 


unaltered,  the  amounts  of  carbon,  silicon,  manganese,  _  ’  ^ 

the  different  forms  remain  the  same,  but  t  ie  strut.  1  ’ 

and  with  it  the  properties  of  the  steel.  The 

tration  represents  sections  of  the ■  st^  ionized  form, 

after  various  treatments.  The  steel  is  *  down  from 

containing  1.5  per  cent  of  carbon.  deflection  of  a 

the  liquid  state,  the  temperature  being  re  .  p-alvanom- 

galvanometer  needle  in  circuit  with  a  t  h  ,38o°C., 

etor  shows  a  slowly  falling  now  go  on 

when  solidification  takes  place.  1  •  ture  again 

take  place  in  solid  metal.  After  a  time  the  temperatur 
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falls  until  vve  reach  68o°,  when  there  is  an  evolution  of  heat; 
had  the  steel  been  free  from  carbon  there  would  have  been  evolu¬ 
tion  of  heat  at  895°  and  again  at  766°.  Now  throughout  the 
cooling  molecular  changes  are  going  on  in  the  steel.  By  quench¬ 
ing  the  steel  suddenly  at  any  given  temperature  we  can  check 
the  change  and  examine  microscopically  the  structure  of  the  steel 
at  the  temperature  at  which  it  was  checked. 

In  the  figure,  with  the  exception  of  specimen  No.  6,  the 
metal  has  not  been  heated  above  1,050°,  over  300°  below  its  melt¬ 
ing  point. 


At  temperatures  between  about  900°  and  l,iooc  tne  caruon 
exists  in  the  form  of  carbide  of  iron  dissolved  in  the  iron,  at  a 
temperature  of  890°  the  iron  which  can  exist  in  different  forms 
as  an  allothropic  substance  passes  from  the  Gamma-form  to  the 
Beta-iorm,  and  in  this  form  cannot  dissolve  more  than  9  per  cent 
of  carbon  as  carbide.  Thus  at  this  temperature  a  large  propor¬ 
tion  of  the  carbon  passes  out  of  the  solution.  At  68o°  the  re- 
mainder  of  the  carbide  falls  out  of  the  solution  as  laminae. 

hus  the  following  temperatures  must  be  noted:  1.380°, 
me  ting  point;  1,050°,  highest  point  reached  bv  specimen;  890°, 
pe  cent  of  carbon  deposited;  680°,  rest  of  carbide  deposited. 

the  cemented11^/0  ^  details  of  the  Plloto>  the  center  piece  is 
treatment  ^  ^  **  COmes  *rom  the  furnace  after  the  usual 


whichtlr^soW  irofcr1  ^  ^  attention  to  the  chang 

ask  how  all  the  other  properties  of  ^  *  ,S  3  natUra1  qUCS 
ture;  can  we  by  special  trl  *  f  are  related  to  its  stru 

the  ship-builder  the  ra  n  produce  a  steel  more  suited 

any  he  now  possesses  T  Cng'neer  or  the  dynamo  maker  tin 
These  marked  effect* 

condition  of  the  carbon  in  tl  •  connected  with  variations  in  tl 
marked  changes  be  produced  Ca"  equally  or  possibly  mo: 
elements?  Guillaume’s  nick  1  ^  1 16  I.ntroduction  of  some  otlv 
expansion  appears  to  have  C  w'dl  *ts  srr|all  coefficient  < 

by  some  modification  be  made  "rn^  f°r  many  PurPoses ;  can 
We  owe  much  to  the  1  S  ,  more  useful  to  the  engineei 
tee  of  the  Institution  of  Vr  ?  tlle  ^lloys  Research  Comnii 
tmguished  chairman  takes  tll,  Chanical  Engineers.  Their  di 

niUtee  has  0nly  begun  and  tha/tl^  ^  the  WOrk  of  that  C°n 

lere  ls  sc°pc  for  research  for 
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long  time  to  come  at  the  National  Physical  Laboratory,  and  the 
executive  committee  have  accepted  this  view  by  naming  as  one 
of  the  first  subjects  to  be  investigated  the  connection  between 
the  magnetic  quality  and  the  physical,  chemical  and  electrical 
properties  of  iron  and  its  alloys  with  a  view  especially  to  the  de¬ 
termination  of  the  conditions  for  low  hystersis  and  non-aging 
properties. 

At  any  rate  we  may  trust  that  the  condition  of  affairs  men¬ 
tioned  by  Mr.  Hadfield  in  his  evidence  before  Lord  Rayleigh’s 
commission  which  led  a  user  of  English  steel  to  specify  that  be¬ 
fore  the  steel  could  be  accepted  it  must  be  stamped  at  the  Reichs- 
anstalt  will  no  longer  exist. 

Importance  of  Annealing  Steel  Castings.  —  The  accompany¬ 
ing  photomicrographs  and  corresponding  bending  tests  taken  bv 
Mr.  C.  M.  Carr  of  the  Schickle,  Harrison  &  Howard  Iron  Co., 
of  St.  Louis,  demonstrate  the  importance  of  properly  annealing 
steel  castings.  The  close  relation  existing  between  heat  treatment 
on  the  one  hand  and  microstructure  and  physical  properties  on  the 
other,  is  here  so  clearly  shown  as  to  render  any  comment  superflu¬ 
ous.  It  is  a  forcible  illustration  of  the  importance  of  the  study 
of  the  microstructure  in  all  questions  pertaining  to  heat  treatment. 


Metallography  at  the  Technical  Schools.  The  School  of 
Mines  and  Metallurgy  of  the  University  of  Missouri,  located  at 
Rolla,  Mo.,  have  installed  a  very  complete  equipment  for  metal- 
lographic  work  under  Professor  Herman  Schulze. 

Much  activity  in  metallography  is  reported  from  Harvard 
University,  Columbia  University  and  the  Massachusetts  Institute 
of  Technology.  In  these  three  institutions  the  number  of  students 
enSaged  in  metallographic  work  is  such  as  to  tax  the  present  aei 
ities  to  their  utmost. 

At  Harvard  University  a  new  Metallographic  Laboratory  is 
being  equipped.  The  outfit  will  be  the  best  and  most  complete 
that  can  be  obtained,  and  will  afford  facilities  for  simu  taneous 
work  by  at  least  ten  students. 


Recent  Publications.  —  Metallurgical  Laboiatory  A  otes, 
lenry  M.  Howe,  Professor  of  Metallurgy  in  Columbia  Lmversi  v 

1  the  City  of  New  York.  . 

In  this  book  the  author  describes  some  sixty -seven  a  - 

xperiments  conducted  by  students  in  the  Departmen 
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lurgy  of  the  School  of  Mines  of  Columbia  University  on  the  fol 
lowing  subjects:  Calibration  and  use  of  the  Le  Chatelier  Zm- 


Temped  «Wa,"r  P~r,  and  ^  ' 
tion  of  this  to  tl»  m'1'  S"el  P°s»sses  hard'  0ptlc!,,  Pvro1 
tIle  magnetic  propertied  Power  am 

nian\  experiments  o 
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treatment,  fracture  and  micro-structure  of  steel,  Effect  of  over¬ 
heating,  burning  and  refining  steel,  Microscopic  metallography 
(silver-copper  alloys  and  several  steels),  Tempering  of  steel, 
Removal  of  the  effect  of  cold  working  by  reheating,  Hardening 
as  a  function  of  the  carbon-content,  Calorimetry,  Oxidizing  and 
chloridizing  roasting  of  copper  sulphide  ore,  Desilverization  of 
Base  Bullion,  Shrinkage  of  refractory  materials  at  high  tem¬ 
perature,  Seger  cones.  Melting-points  and  formation  points  of 
various  silicates,  the  action  of  fluxes  on  Lead  silicates,  Properties 
of  Manganese  steel,  including  its  heat-treatment,  behavior  of 
copper  and  iron  oxides  and  sulphides  on  fusion,  the  copper-select¬ 
ing  process,  many  experiments  connected  with  the  Ziervogel 
process,  the  electrolytical  refining  of  copper,  the  resistance  of 
many  kinds  of  refractory  materials  to  the  corrosive  action  of  dif¬ 
ferent  slags,  the  influence  of  finishing  temperature  on  steel,  the 
prevention  of  blowholes,  and  others. 

These  notes  are  fully  illustrated  and  include  the  following 
very  valuable  tabfes  which  alone  are  well  worth  the  cost  of  the 
book:  Synoptical  Table  for  Microscopic  Metallography  of  Carbon 
Steel  —  Comparison  of  Thermometric  Scales  for  every  io°  C. 
and  every  25 0  F.  —  Melting  and  boiling  and  other  important  tem¬ 
peratures.  —  The  percentage  composition,  atomic  weights  and  for¬ 
mulae  (with  logarithms)  of  oxides,  sulphides,  silicates,  phos¬ 
phates,  etc. 

We  reproduce  on  page  78  the  table  of  thermometric  scales. 

These  notes  should  prove  very  valuable  not  only  to  the  in¬ 
structors  and  students  of  technical  schools,  but  also  to  Metal¬ 
lurgists  and  Metal lographists  engaged  in  commercial  work. 

The  book  is  published  by  the  Boston  Testing  Laboratories. 
Price,  bound  in  cloth,  $1.00. 


The  Microscope  by  Simon  Henry  Gage,  Professor  of  Micro 
scopy,  Histology  and  Embryology  in  Cornell  University  and  the 
New  York  State  Veterinary  College.  The  eighth  edition  of  tins 
excellent  treatise  on  the  Microscope  has  just  been  published.  t 
is  of  special  interest  to  the  metallographist  because  it  is  the  first 
book  on  the  Microscope  which  alludes  to  the  microscopical  exami¬ 
nation  of  photo-micrography  of  metallic  surfaces.  The  boo  is 
Published  by  the  Comstock  Publishing  Co.,  of  Ithaca,  New  01 
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ble  VI.  —  Comparison  of  Thermometric  Scales , 
for  every  10 0  C.  and  every  23°  F. 
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JOHN  E.  STEAD 

THE  readers  of  this  journal  are  too  well  acquainted  with 
the  character  and  importance  of  Mr.  John  E.  Stead’s 
work  to  require  more  than  a  short  review  on  the  part  of  the  writer 
of  this  sketch.  Mr.  Stead  belongs  to  a  very  distinguished  family, 
his  brothers  being  W.  T.  Stead  of  journalistic  fame  and  the  Rev. 
F.  Herbert  Stead,  warden  of  the  Browning  Hall  Settlement, 
Walworth. 

The  subject  of  this  sketch  studied  analytical  chemistry  under 
his  present  partner,  Mr.  Pattinson,  at  New  Castle  on  Fyne.  He 
was  then  appointed  chemist  to  the  Hebron  works  of  the  Thorsis 
Sulphur  and  Copper  Company,  which  he  left  after  a  short  sta\ 
to  become  chemist  of  the  Messrs.  Bolckow,  Vaughan  &  Co.  In 
this  position  he  had  excellent  opportunities  to  become  thoroughly 

acquainted  with  iron  and  steel  making.  . 

In  1876  Mr.  Stead  entered  into  partnership  with  his  first 
employer.  Mr.  Pattinson,  at  Middlesbrough,  as  analytical  chemist, 
under  the  firm  name  of  Pattinson  &  Stead.  His  business  c.iku 
has  been  most  successful  and  his  high  standing  has  attracts  to 
his  laboratory  numerous  pupils,  some  of  whom  are  to  be  oun 
to-dav  in  many  of  the  iron  and  steel  works  of  Great  Britain. 

Mr.  Stead  holds  the  public  appointments  of  Borough  .  na- 
lvst,  of  Analyst  under  the  Fertilizers  and  Feeding  Stufts  act,  ana 
of  Chemist  to  the  Cleveland  Agricultural  Societx. 
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was  awarded  the  Bessemer  gold  medal  by  the  Iron  and  Steel 
Institute,  of  which  he  has  been  for  many  years  a  member  of 
council. 

Mr.  Stead  became  interested  in  metallographic  research 
soon  after  the  International  Engineering  Congress,  held  in  Chi¬ 
cago  in  1893,  and  at  which  several  important  papers  on  the  sub¬ 
ject  were  presented.  Since  then  much  of  his  energy  and  excep¬ 
tional  working  power  have  been  expended  in  that  direction.  His 
contributions  to  metallography  have  been  numerous  and  important. 
He  has  devised  many  little  appliances  useful  to  metallographists, 
and  has  helped  m  reducing  the  time  previously  required  for  the 
po  is  ling  of  metallic  sections.  The  heat-tinting  method  first 
proposed  by  Martens,  was  developed  by  him  to  a  high  degree  of 
per  ection  and  applied  with  much  success  to  the  development  of 
1^  °  Cast  lron’  more  especially  for  the  purpose  of  re- 

other  met)6  0tatl0n  the  phosphide-holding  areas,  which,  by 
,  j.  10  are  readily  confounded  with  pearlite  areas. 

ture  of  iron  and  nT*  papers  dealing  with  the  crystalline  struc- 

added  Zch  M  [-,t,le"eSS  Camed  in  soft  ^1  by  annealing  have 
istics  of  iron  and'Z  f  °'  tlle  institution  and  character- 

investigations  dealing^ witlTthe  Tf’  ^  admirabIe  reCent 

Of  those  constituents  in  which  the  T"  Z"  micrOSCOpe 
and  steel  se°rep-af-f>  „  ,  .  tbe  Phosphorus  present  in  iron 

in  the  industrial  laboratory  Ses  the  value  of  the  microscope 
and  constitution  of  a  n,i™Y  *  WOrk  on  the  micro-structure 
enlarged  our  knowledge  oft  h  0t  metallic  a,lo-vs  has  materially 
A  complete  list  oi  Mr  1,mportant  metallic  products, 
lographic  subjects  is  mven  k  ,  ?®  papers  dealing  with  metal- 

*  '  below  ln  chronological  order  : 

Methods  of  Preparing  Polish.*  c  , 

scopical  Examination  lron  n  ~Ces  of  Ir°n  and  Steel  for  Micro- 
An  Introduction  to  the  Study  Qf  Miem  ^tute,  1894,  Vol.  I. 

hOH  of  Engineers,  1895-6  cro-Metal]0graphy.  Cleveland  Institu- 
Prehmmary  Micro-chemical  P  • 

*“  ClS,i'’gS'  ^ 
Rli,s  and  Tires- °f 

°Tl11z0  pt  1  -  «■  ***  * 

etall°graph%st,  Vol.  I.  page  w 


The  Crystalline  Structure  of  Metals 
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The  Crystalline  Structure  of  Iron  and  Steel.  Iron  and  Steel  Institute, 
1898,  Vol.  I.  The  Mctallographist,  Vol.  I,  page  289. 

Brittleness  Produced  in  Soft  Steel  by  Annealing.  Iron  and  Steel  Institute, 
1898,  Vol.  II.  The  Mctallographist,  Vol.  II,  page  85. 

A  Microscopical  Study  of  Causes  Inducing  Structural  Fracture  in  Iron  and 
Steel.  Cleveland  Institution  of  Engineers,  1898-9. 

Micro-structure  of  Alloys.  Part  III.  Society  of  Chemical  Industry,  1898. 

The  Metallographist,  Vol.  II,  page  314. 

Practical  Metallography  and  The  Structure  of  Phosphoretic  Pig  Metals. 
Cleveland  Institution  of  Engineers,  1899-00.  The  Metallographist, 
Vol.  Ill,  page  220  and  page  261. 

Phosphoretic  Pig  Metals,  Cleveland  Institution  of  Engineers,  1899-00.  The 
Metallographist,  Vol.  Ill,  page  261. 

Iron  and  Phosphorus.  Iron  and  Steel  Institute,  1900,  Vol.  II.  The 
Metallographist,  Vol.  IV,  page  89. 

Metallic  Alloys.  Cleveland  Institution  of  Engineers,  1900-01. 

Glossary  of  Terms.  Cleveland  Institution  of  Engineers,  1900-01. 

Copper  in  Steel.  JVcst  Scotland  Iron  and  Steel  Institute,  1900. 

Alloys  of  Copper  and  Steel.  Iron  and  Steel  Institute,  1901. 


THE  CRYSTALLINE  STRUCTURE  OF  METALS  * 

By  J.  A.  EWING,  and  WALTER  ROSENHAIN 

THE  investigations  described  in  the  present  paper  deal  prin¬ 
cipally  with  the  phenomena  of  annealing.  They  form  a 
continuation  of  the  research  described  in  the  Bakerian  lecture  foi 
1899  (Phil  Trans.,  A,  Vol.  193,  1900,  pages  353-377 )  t  hi  iron 
steel  and  brass  these  phenomena  have  been  studied  with  the  an 
of  the  microscope  by  various  workers,  among  whom,  Arno  < , 
Charpy,  Stead,  and  Roberts-Austen  should  be  particularly  men¬ 
tioned^  As  a  result  of  their  labors  it  is  well  known  that  annealing 
is  accompanied  by  a  re-arrangement  of  the  crystalline  grains  ot 

the  metal.  ,  .  , 

Thus,  when  a  piece  of  iron  is  strained  in  tension  its  crys  al- 

line  grains  become  elongated  in  the  diiection  o  ten.  1  , 


*  Philosophical  Transactions,  Royal  Society  of  Loncl°”' 
279.  The  original  paper  was  illustrated  by  37  photo-mic  g  .  1 
which  are  reproduced  here. — Ed. 

t  The  Metallographist,  Vol.  Ill,  page  94- 
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when  the  specimen  has  been  subsequently  annealed  bv  bein 
heated  to  a  bright  red,  all  signs  of  such  elongation  disappear  fr"m 
the  cn  stalline  pattern  revealed  by  the  microscope.  In  fact  it  is 
not  generally  possible  to  find  any  definite  connection  between 
the  crystalline  pattern  seen  in  the  same  specimen  before  and  after 
annealing.  In  general,  the  pattern  seen  after  annealing  resem- 
Mes  that  found  in  a  similar  specimen  before  it  has  been  strained 
but  the  scale  and  character  of  the  pattern  produced  depend  very 
much  on  the  details  of  the  annealing  process,  particularly  upon  the 
temperature  applied,  the  time  of  its  application,  and  the  rate  of 

tendTfo  1  T W  r'  StCad  haVC  Sh0wn  that  Prolonged  annealing 

rxoosurer  IT  Cr>'Sta,S  “  ir0n  a"d  Steel‘  Bllt  even 

pie*  re  ™  ?n  temPerat”re  is  well  known  to  produce  cotn- 
ctLe ^  cZf  ?  °n-  rd  k  haS  been  jested  that  these 
points  "in  the  points  corresponding  to  the  "arrest- 

evolutions  of  hilt  ln^i°f  -he  metal‘  These  arrest-points  indicate 
deuces  of  re  a-n  &  *  18  t0  supP°-  that  thev  are  evi- 

At  °f  thC  StrUCtUre  of  the  metal*. 

this  change  taking^, ace  l^TthT"^  ™  ****  t0 
experimental  diffkuhies  of  ke  microsc(>Pe-  Although  the 
scopic  observation  while  it  ^  a  sPecimen  unc]er  micro- 
overcome,  ,he  were  successful 

failed.  1  ^le  re-crystallisation  of  iron  . 

Our  first  expedient  was  ^ 

atmosphere  of  pure  drv  i  surround  the  specimen  with  an 
through  a  glass  or  mTca^T V *“■  a”d  t0  “™i"e  <he  surface 
hydrogen  was  prepared  in  the°"  Ule  conta,ning  vessel.  The 
dilute  sulphuric  acid  on  du  Usua^  Wa>’  by  the  action  of  pure 
dried  and  purified  bv  bubblin^^  Z'nC>  and  the  gas  was 
containing  pure  sulphuric  acid  ?  through  several  wash-bottles 
of  potash  solutions  respective!  C&U ^  C  Potash,  and  permanganate 
passed  through  a  long  tube  of  a  &  final  Precaution,  it  was 
and  packed  with  clean  pieces  nfu  P°rcelain  kept  at  a  red  heat 
■»f  similar  iron  that  was  to  be  e  S  fe*dron.  It  was  a  specimen 
that  after  passing  over  this  larJ!^1111611^  uPon>  and  we  hoped 
gen  would  be  free  from  anv  °f  hot  iron,  the  hydro- 

polished  surface  of  our  speci™!” ^"elcapat>Ie  of  tarnishing  the 
strip  of  sheet-iron,  of  the  p„re  i,;„  ,  T,e  sP«imen  itself  was  a 
measuring  3  centims.  i„  i„ph  ™d  «s«i  for  transformer  p|ates, 

3  to  4  millims.  in  width.  It 
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was  bent  to  a  n  shape,  and  the  upper  flat  surface  was  polished 
and  etched.  The  containing  vessel  is  shown  in  section  in  Fig.  1. 
It  consisted  of  a  brass  cylinder,  A,  with  a  screw-cap,  B,  provided 
with  a  window  of  thin  glass  or  mica.  The  bottom  of  the  cylinder 
was  formed  by  a  plug  of  slate,  C,  fitting  against  a  shoulder,  and 
held  in  place  by  a  screw-collar,  D.  Through  this  slate  plug  passed 
two  stout  copper  wires,  EE ;  the  upper  ends  of  these  rods  were 
split  to  receive  the  two  legs  of  the  specimen  F,  whose  flat,  pol¬ 
ished  surface  thus  came  immediately  beneath  the  window  in  the 
cap.  At  GG  tubes  entered  the  vessel ;  these  allowed  the  passage 
of  the  current  of  hydrogen. 


B 


All  the  joints  were  very  carefully  fitted,  and  made  as  nearly 
air-tight  as  possible ;  leakage,  however,  was  not  an  important 
matter  as  the  hydrogen  was  kept  at  a  pressure  slightly  higher  than 
that  of  the  atmosphere.  On  leaving  the  apparatus  the  hydrogen 
was  burnt  as  a  small  jet. 

The  specimens  were  observed  through  the  window  by  means 
“  vertical  ”  illumination  coming  through  the  objective  itself , 
as  we  were  content  with  moderate  magnifications  (up  to  100 
diameters)  an  objective  of  long  focus  could  be  used. 
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In  spite  of  the  precautions  taken,  we  did  not  succeed  in  keep¬ 
ing  the  polished  surface  untarnished  after  a  red  heat  had  been 
reached ;  but  in  the  course  of  our  observations  an  interesting  phe¬ 
nomenon  was  observed.  On  beginning  an  observation,  when 
the  specimen  was  still  cold,  the  “  ferrite  ”  grains  could  be  clearly 
distinguished.  If  the  temperature  of  the  specimen  were  then 
slowly  raised  by  gradually  turning  on  an  alternating  electric  cur¬ 
rent,  the  first  visible  change  was  a  dimming  of  the  image,  which 
resulted  in  its  becoming  completely  blotted  out.  This  we  sup¬ 
posed  to  be  due  to  condensation  of  moisture  on  some  part  of  the 
optical  system,  but  we  could  not  locate  it.  On  raising  the  tem¬ 
perature  further,  the  image  of  the  crystals  reappeared  very  viv¬ 
idly;  at  this  point,  by  shutting  off  the  reflected  light,  the  "metal 
could  be  seen  to  be  just  vividly  red.  On  heating  still  further,  the 
pattern  was  rapidly  and  totally  obliterated  by  the  tarnishing  of 
the  surface;  the  metal  was  now  dull-red.  The  red  then  bright¬ 
ened,  but  suddenly  dark  spots  appeared,  and  spread  rapidly  over 
t  le  entire  field  of  view.  The  speed  at  which  they  spread  could, 
io\\e\er,  e  regulated  by  suitably  adjusting  the  heating  current. 

spots  appeared  well  in  the  middle  of  the  specimen,  and  the 
pparcnt  darkening  could  only  be  pushed  to  the  extreme  edges 

specimen  tn  COn.SlderabIy  hlSher  temperature.  On  allowing  the 

t”  —  ’  n°  ^  WaS  ViSibl6’  dther  °n  paSSing  thr0Ugh 

X~nhTTTre  °r  at  any  °ther  p-od;  nor  could  the 
below  redness  -  but  if  .?.reCUr  llntl1  the  specimen  had  been  cooled 

indefinitely  in  the’  saiuTsT^  d°ne’  *6  phenomenon  would  recur 
action  which  causes Z  *  866015  probabIe  that  the 

not  merely  in  the  surface  fil  0CCUrs  *n  the  metal  itself  and 

remain  entirely  unaffected  bvVtl as  detaiIs  in  this  film 
pression  that  he  is  looking-  at  ’  glVlng  the  observer  the  im- 
thin  and  partially  transparent  film  place  beneath  3 

tions  with  the  specimen  mail  ■  •  repeatlnS  these  observa- 

hydrogen,  no  such  phenomeno  m  °tber  atmospheres  than 

to  suppose  that  the  phenome  ”  ^  observed  5  and  this  leads  us 
between  the  hydrogen  and  the”  ^  &  °f  chemicaI  reaction 

above  redness  it  would  seem  t  lron'  Rrom  its  occurrence  just 
about  487°  C.,  discovered  bv  S’  C°^espond  to  the  arrest-point, 
Research  Report  ”  Inst.  MerL,  .  Roberts-  Austen  (“Alloys 

Jec«on.Engtn.,ig  99)* 
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Believing  that  this  action  of  the  hydrogen  caused  the  surface 
of  our  specimens  to  tarnish  on  heating,  we  sought  to  overcome 
this  difficulty  by  observing  the  surface  of  a  specimen  heated  in 
vacuo.  The  heating  was  again  done  electrically,  either  by  pass¬ 
ing  the  current  directly  through  the  specimen,  or  else  by  placing 
the  specimen  in  the  centre  of  a  coil  of  fine  platinum  wire  wound 
on  a  piece  of  terra-cotta.  In  both  cases  the  specimen  was  placed 
in  a  test-tube,  the  electrodes  passing  through  a  sealed  cork  at  the 
end;  the  tube  could  be  exhausted  by  means  of  a  Fleuss  pump. 
The  specimen  was  placed  with  its  polished  and  etched  surface  as 
near  to  the  top  of  the  tube  as  possible,  and  a  22  millims.  objective 
was  used.  When  the  specimen  became  really  hot,  the  radiation 
would  have  endangered  the  objective,  and  this  difficulty  was  met 
by  keeping  a  blast  of  air  directed  partly  upon  the  lower  end  of 
the  objective  and  partly  upon  the  surface  of  the  test-tube.  The 
'  apparatus  was  thus  kept  quite  cool  without  in  any  way  disturbing 
the  distinctness  of  the  image. 

We  found  that  with  the  best  vacuum  we  could  obtain,  even 
with  the  addition  of  phosphoric  anhydride  drying  tubes,  our  spec¬ 
imens  always  tarnished  if  kept  at  a  red  heat  for  any  length  of 
time.  We  are  inclined  to  ascribe  this  to  the  action  of  gases  oc¬ 
cluded  in  the  metal  and  given  out  on  heating.  The  tarnishing, 
however,  was  not  very  rapid,  and  a  specimen  could  sa  e  }  e 
heated  up  to  bright  red  once  before  it  became  noticeable.  ns 
enabled  us  to  make  observations  which  very  clearh  showe  t  at, 
even  with  the  greatest  experimental  refinement,  \\e  cou  (  net 
hope  to  observe  the  process  of  re-crystallization  microscopical  y. 
We  have  found  that  if  a  strained,  polished  and  etched  specimen, 
showing  distinctly  elongated  crystals,  be  gradua  \  ea  e 
vacuo  no  change  whatever  is  visible  in  the  outlines  o  ie  c 
tals ;  on  removing  the  specimen  from  the  appar  atus  it  is  some 
found  coated  with  a  thin  blue  tarnish,  and  on  examina  101 
the  microscope  it  is  seen  that  this  tarnish  has  not  obliterated  the 
original  crystals,  but  in  fact  differentiates  them  y  van?. 
on  different  crystals.  If  this  tarnish  be  now  polished  of, 
easily  be  done  by  the  use  of  rouge  alone,  and  the  specimen^be 

reetched,  an  entirely  new  set  of  crystals  is  r^x<~ae(\  .  1  crvs. 

readily  established  by  drawing  the  outlines  ot  t  ie  or 
tals  ai  a  marked  spot  on  the  specimen  before  and  a  ter  the^ 
re-polishing.  Simple  re-polishing  and  etching  asm  «  P 
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without  annealing,  produces  only  very  small  changes  in  the  pat¬ 
tern.  We  may  therefore  conclude  that  in  the  above  experiment 
the  iron  did  re-crystallize  when  at  a  red  heat,  but  that  this  re¬ 
crystallization  did  not  immediately  affect  the  pattern  on  the  sur¬ 
face.  The  explanation  is  obvious  when  we  realize  that  the  pat¬ 
tern  seen  in  the  microscope  is  due  to  the  differences  of  level  and 
texture  in  the  surface  of  the  specimen  which  have  been  produced 
by  the  action  of  the  acid  used  in  etching.  This  pattern,  although 
in  its  origin  dependent  upon  the  actual  crystalline  structure  of  the 
metal  at  the  time  when  the  surface  was  etched,  remains  as  a  mere 


mask,  beneath  which  re-orientation  of  crystalline  elements  may 
go  on  without  affecting  its  appearance.  The  etched  pattern  is  in 
this  lespect  in  the  same  position  as  a  scratch  or  mechanical  mark¬ 
ing  of  the  surface,  and  the  persistence  of  the  etched  pattern  after 
annealing  is  simply  an  extension  into  more  minute  detail  of  the 
well-known  fact  that  the  external  shape  of  a  piece  of  metal  is  not 

in  general  affected  by  annealing,  although  the  crvstalline  structure 
is  entirely  changed. 

These  considerations  show  that  we  cannot  expect  to  see  the 
jl  r-ySf*  crystallization  in  any  metal  where  etching,  staining. 

therefor  P<YS  n?eded  to  dlfferentiate  the  constituents.  We 

but  !Z  *  T  °ned  th?.  attemP‘  to  observe  this  process  in  iron, 

of  annealing  or  re-crvstallizatl  7  "  pr0CeS!f 

particularly8  lead.  '  seen  ln  more  fusible  metals’ 


required  to  prodr 

exhibits  a  remarkably  brilliant *  ^  tr.®ated’  ordinar-v  sheet-lead 
large  scale  that  „0  ^nature  on  such  a 

surface  shows  all  the  an  ,  pollshing  is  required.  The  etched 
oblique  light  on  etched  crvstab-65  dne  to  the  selective  effect  of 
is  turned  the  light  catches  tl  06  SUrfaces;  when  the  specimen 
the  color  and  brightness  beW  cr>rstalline  grains  in  turn, 

ferent  on  different  grains  Ti  °lm  °Ver  eacl1  grain>  kut  d^' 
on  drying,  and  must  theref  ^1°  SUr^aces  tarnish  immediately 
while  wet  with  the  acid  solud  °bserved  and  photographed 

An  examination  of  th’  10?' 

in  ,he  “"figuration  of  theSc™en  SUrfaee  reveals  "  peculiarity 

>stalhne  grains:  these  are  seen  to 
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have  many  remarkably  straight  boundaries  meeting  at  sharp  an¬ 
gles,  several  sets  of  parallel  boundaries  being  frequently  ob¬ 
served.  These  features,  which  strongly  resemble  what  we  had 
previously  observed  in  wrought  copper,  are  to  be  ascribed  to  the 
frequent  occurrence  of  twin  crystals.  In  our  earlier  observations 
on  twin  crystals  their  presence  had  always  been  readily  detected 
by  the  configuration  of  slip-bands  produced  in  them  by  slightly 
straining  the  specimen  after  polishing.  An  instance  of  twinning 
observed  in  sheet  lead  by  this  method  has  been  given  by  us  in  a 
previous  paper.*  In  the  present  instance  this  method  of  detect¬ 
ing  twins  is  not  available,  as  the  roughness  of  the  surface  and  the 
great  depth  of  etching  employed  make  it  impossible  to  study  the 
slip-bands.  But  the  presence  of  twin  lamellae  nevertheless  be¬ 
comes  evident  under  slightly  higher  magnification  with  oblique 
light.  The  selective  effect  of  oblique  illumination,  picks  out  a  few 
isolated  crystals,  lighting  these  brilliantly  while  neighboring  ones 
remain  almost  dark.  Within  the  area  of  the  brightly-illuminated 
grains,  a  number  of  dark  patches  are  seen,  and  these  show  the 
straight  boundaries  occurring  in  parallel  sets  which  are  charac¬ 
teristic  of  twinning.  As  the  specimen  is  turned,  the  grains  that 
were  bright  become  dark,  but  presently  some  of  the  patches  that 
were  previously  dark  shine  out  brilliantly,  all  the  bands  which  are 
parallel  to  one  another  flashing  out  simultaneously.  But  those 
parallel  bands  which  catch  the  light  simultaneously  are  evidently 
portions  of  the  crystal  in  all  of  which  the  orientation  of  the  ele¬ 
ments  has  been  changed  by  the  same  amount ;  in  other  words,  the\ 
are  twin  lamellae. 

Further  evidence  of  the  crystalline  structure  of  sheet-lead 
is  found  when  a  slightly  higher  magnification  (ioo  diameters) 
is  applied.  Many  of  the  crystals  are  then  seen  to  be  marked  with 
geometrical  figures,  most  frequently  hexagons,  but  sometimes 
triangles  and  rectangles.  These  figures  are  similar,  and 
larly  oriented,  over  the  entire  area  of  any  one  crystal,  but  t  e 
are  generally  different  in  shape  and  orientation  on  a  lac^n 
crystals.  In  this  respect  they  resemble  the  geometrical  etc  e 
Pits  in  iron  and  geometrical  air-bubbles  in  cadmium  described  in 
°ur  previous  paper  cited  above.  Their  occurrence  in  cast  ea 
has  been  exposed  to  dilute  nitric  acid  has  been  cscri  >e  y _ 


*  Loc.  cit. 
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fessor  Miers  and  Mr.  A.  Dick  in  the  Journal  of  the  Mineralogy 
ical  Society,  April,  1899.  Professor  Miers  measured  their  crystal¬ 
lographic  angles,  but  does  not  connect  them  definitely  with  the 
crystallization  of  the  solid  metal  —  and  Mr.  Dick’s  view  is  that 
they  are  promiscuously  deposited  crystals  due  to  electrolytic 
transfer  of  lead  from  the  upper  to  the  lower  surface  of  the  speci¬ 
men.  Careful  microscopic  examination  shows  that  in  some  in¬ 
stances  this  is  the  case  in  sheet  lead.  Some  of  the  geometrical 
figures  can  be  seen  to  be  the  outlines  of  deposited,  or  at  all  events, 
projecting  crystals ;  but  the  remarkable  fact  remains  that  even  here 
these  crystals  are  deposited  with  their  elements  in  the  same  orien¬ 
tation  as  those  of  the  crystal  upon  which  they  are  being  deposited. 
In  many  cases,  however,  geometrical  markings  are  found  which 
form  the  outlines  of  pits  instead  of  projections.  Sometimes  these 
pits  occui  on  the  same  grain  as  the  deposited  crystals,  and  both 
then  have  similar  outline  and  orientation. 

The  observations  here  described  form  a  full  demonstration 
ot  the  marked  crystalline  structure  of  sheet-lead,  but  the  origin  of 
tins  structure  is  not  immediately  apparent.  Sheet-lead  is  pro- 
(  ueec  \  rolling  out  cast  ingots  of  the  metal  without  the  aid  of 

-  w  j  ^ie  s^iee*:s  we  have,  therefore,  metal  which  has  been 
su  jected  to  a  very  great  amount  of  plastic  deformation.  The 
°  P  astic  strain  enunciated  in  our  former  paper  would  lead 
would  t  lat  structure  of  such  violently  deformed  metal 

peculiarities  of  y  cr-vstallme,  but  its  crystals  would  show 

deformation  iir|S  ^  corresPonding  with  the  nature  of  the  plastic 
tt^en  lieTh  d  KUP°n  thC  maSS  °f  the  metal.  Thus  in  a 
we  should  expect  m  f^  fr0m  a  Solid  lumP  into  a  sheet’ 

siderable  area  parallel'^  tl  6  thin  and  flat>  bllt  of  con' 

however,  shows  no  such  feaLTo^  °f  Sheet  Sheet‘,ef ’ 
sheet  no  flattening  of  the  crystals’ *  &  transverse  section  of  the 

that  some  procesf  of  annealW  n  Seen'  TWs  led  us  to  supp0SC 
work  in  the  metal  suW  *  ^  °r  re~crystallization  had  been  at 

had  no.  bee'n  snW^T  '°  tS  “™**«i*  and.  ns  the  lead 

re-crystallization  must  have^ccurre^1  trCatment’  k  seemed  that 

temperatures.  We  therefor  V  60  ^  3t  orcbnary  atmospheric 

supposition,  and  generally0!6  •  lrect.ed  our  experiments  to  test 
nealing  or  re-crystallization  ii  1!nesd§'ate  tbe  phenomena  of  an- 

The  first  step  was  to  al  ¬ 
to  determine  the  effect  of  very  severe 
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strain  on  the  crystalline  structure  of  lead.  In  such  a  soft,  ductile 
metal,  plastic  deformation  may  be  carried  to  so  great  an  extent 
that  the  adaptability  of  the  individual  crystals  to  change  their 
shape  by  means  of  slips  on  cleavage  planes  may  be  insufficient. 
Careful  observation  of  the  crystalline  structure  of  a  piece  of  lead 
under  severe  compression  confirms  this  view.  Up  to  a  certain 
point  the  crystals  are  gradually  flattened  out  in  proportion  to 
the  flattening  of  the  whole  specimen,  but  when  the  “  flow  ”  be¬ 
comes  considerable  it  is  found  that  the  crystals,  already  very  thin 
and  flat,  are  driven  into  and  through  one  another,  this  process 


Fig.  2.  Cast  Lead.  Magnified  12  diameters. 


Fig.  3.  Freshly  and  severely  strained  Lead. 
Magnified  30  diameters. 


resulting  in  a  grain  or  structure  which  is  small,  but  still lent rdy 
crvstalline.  The  action  is  analogous  to  what  occurs  n  the  a 
tore  of  a  more  brittle  metal,  with  tins  ”1 

brittle  metal,  when  '  slip  ” *  ^"rebv  brought  into  contact  do 
r^^d^fracture  results ,  in  lead  the  fre^ 

exposed  surfaces  do  weld  01  re-umte  tin  (  of  tlie  metal, 

which  is  associated  with  the  possession,  owjng  the  crys- 

of  great  ductility.  Fig.  a  is  a  mtcro-photograph  ^ 

talline  structure  of  ordinary  cas  ^  structure  of  freshly 

while  Fig.  3  shows  the  much  more  minute  structure 
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and  severely-strained  lead  magnified  30  diameters.  In  this  and 
in  the  following  experiments  with  lead,  the  process  of  straining 
was  carried  out  by  squeezing  a  cast  block  of  the  metal  in  a  com" 
pression-testing  machine,  letting  it  expand  laterally  until  the 
block,  originally  about  1  inch  high  and  inch  diameter  was 
flattened  into  a  plate  about  %  inch  thick. 

In  order  to  investigate  the  changes  in  the  crystalline  struc¬ 
ture  ot  such  strained  lead,  we  adopted  the  method  of  taking  a 
series  of  photographs  of  a  marked  area  of  each  specimen  at  in- 

ordinL0',tlme  dUn"g  '?iCh  the  metal  was  exP°sed  «*«■  <0  the 
ordinal  temperature  of  the  room  or  was  subjected  to  special 

^r0v^r0Ur sraph  -  —  -  - 

and °’  "“I!  “  “ 

St"  'r  — ^ 

produce  a  visible  change  in  the  f  3  treatment  m  any  wav 
ing  had  been  resorted*^  and  fajrfrd  Pattern,  Until  further  etch‘ 
obliterate  the  old  pattern  entirely  e.tchlng  1S  re(luiml  to 

to  the  channels  which  are  etched  out  particularl-v 

danes  —  these  may  often  be  seen  form  1  ^  inter"cr>rstalline  boun- 
formed  pattern,  but  quite  independent’"!  l'"t"'0rk  on  the  newl.v- 
The  method  of  etching  consisted  of  f  structure- 
concentrated  and  very  dilute  nitrir  'a  3^t^rnBte  applications  of 
veiy  deep  etching  was  required  an  dl'  SOme  cases’  where 
One  of  the  great  advantages  of  H  r  r°  v.tlc  method  was  used, 
arises  from  the  large  size  of  its  cr  •  3  meta*  lead 

deep  etching  it  allows  all  fine  no1i«t.-  &  S  }*'  enabling  us  to  use 
it  becomes  possible  to  obtain  phmo-niicm^  be,dispensed  with,  and 
tions,  and  under  oblique  light,  which  e  3t  Iow  mag™fica- 

changes  m  crystalline  structure.  hlblt  clearly  the  various 

The  low  power  required  is  a  f,lr»i, 
fact  that  an  etched  lead  surface  must  in  of  the 

solution  while  it  is  being  examined  l  u  'P'  wet  wi‘h  an  acid 
surface  becomes  dull  and  useless  as  °'?8raph«I-  «  such  a 
To  identify  the  areas  which  were  m  h  drie5' 
non,  we  marked  them  by  scratches  or  fu  'P*  under  <*serva- 
potnt.  I  nsymmetrica!  patterns  of  mart™"'5  ^  with  a  steel 
purpose  ,0  facilitate  replacing  the  »'«<=  used  for  this 

and  onentation.  It  is  an  essentia, *  W  position 

1  taklng  micro- 
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photographs  under  oblique  illumination  which  are  to  serve  for 
purposes  of  comparison,  that  the  orientation  of  the  specimen  and 
the  angle  of  incidence  of  the  light  should  be  constant  throughout 
the  entire  series.  Our  micro-photographic  arrangements  enabled 
us  to  comply  with  these  conditions  to  a  considerable  degree  of 
accuracy. 

The  first  series  of  these  photo-micrographs  was  taken  from 
a  specimen  of  lead  which,  after  being  severely  strained,  was  sim¬ 
ply  kept  during  six  months  at  the  temperature  of  an  ordinary 
room  without  any  special  thermal  treatment  whatever,  being  care¬ 
fully  reetched  and  photographed  at  intervals.  The  first  of  the 
series  was  taken  immediately  after  the  specimen  had  been  strained. 

The  same  surface  was  reetched  and  photographed  after  six 
days;  a  small  amount  of  change  was  visible,  and  became  more 
marked  after  one,  two,  four,  and  six  months  respectively.  The 
great  change  in  the  crystalline  structure  was  strikingly  evident. 

Measurement  of  the  largest  crystals  gives  some  rough  idea 
of  the  rate  at  which  these  crystals  had  grown.  In  one  case  the 
dimensions  were  as  follows : 

Length  of  crystal  in  freshly-strained  specimen  =  .0025" 

Length  of  crystal  in  specimen  after  1  month  =  .0083" 

Length  of  crystal  in  specimen  after  4  months  =  .0100" 

Length  of  crystal  in  specimen  after  6  months  =  .0115" 

From  this  it  would  appear  that  the  rate  of  growth  is  greatest 
in  the  first  month  .after  the  specimen  has  been  strained ;  but  a 
close  examination  of  such  specimens  reveals  a  feature  which  con¬ 
siderably  affects  this  question.  It  is  seen  that  the  crystals  do  not 
grow  by  the  steady  accretion  of  layers  all  over  their  surface,  but 
that  they  throw  out  arms  or  branches,  which  invade  neighboring 
crystals,  thus  forming  a  skeleton  crystal  somewhat  similar  to 
those  that  are  often  noticed  in  the  crystallization  of  fused  sub¬ 
stances. 

The  figures  given  above  must  therefore  be  taken  as  no  more 
than  an  extremely  rough  indication  of  the  order  of  magnitude 
with  which  we  are  concerned  in  these  questions  of  growth  at 
ordinary  temperatures. 

Taking  a  specimen  of  plumbers’  sheet-lead  showing  fairly 
large  crystals  as  an  example  of  metal  in  which  air-temperature 
annealing  has  continued  for  a  long  time,  we  next  tried  the  experi- 
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ment  of  applying  a  higher  temperature,  so  as  to  determine  whether 
any  further  change  would  occur.  Our  observations  show  that 
the  metal  in  this  state  is  very  sensitive  to  moderately  high  tem¬ 
peratures,  three  minutes’  exposure  of  ordinary  sheet  lead  to  a 
temperature  of  2000  C.  being  sufficient  to  produce  a  great  change 
in  the  crystalline  pattern.  If  the  specimen  be  kept  at  200 0  C.  for  a 
long  time  there  is  a  continued  change,  but  it  becomes  very  slow, 


1  >8-  4.  Typical  Structure  of  sheet  lead. 


and  ultimately  a  • 

ceptible.  '  15  reached  when  further  change  is  impel 

lead,  and  Fit7sVowsTeechanCe  ^  &  typical  sPeci™n  of  shee 
C-  The  latter  photograph  rt  T  P?dUCed  b>'  four  days  at  20c 
state  of  this  specimen^a^  verv  rePres™ting  the  fin; 

tin  tlier  considerable  change  on£ed  annealing  produced  n 

*'■  This  specimen,  howevcr>  showe 
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another  interesting  feature,  which  we  have  often  observed  in  other 
cases.  1  he  marked  area  chosen  for  photography  occupied  the  cen¬ 
tre  of  the  surface  of  the  specimen,  which  measured  approximately 
24  inch  square  by  %  inch  thick.  Somewhat  to  our  annoyance,  this 
marked  area  did  not  show  by  any  means  the  best  development  of 
crystalline  growth.  In  this  case,  as  in  many  others,  we  found  that 


Fig.  5.  Sheet  Lead  kept  for  4  days  at  200°  C. 


the  largest  and  most  rapidly  growing  crystals  were  formed  at  or 
near  the  edges  of  the  specimen. 

In  comparing  the  members  of  such  a  series  of  photographs, 
°ne  consideration  must  be  borne  in  mind,  the  great  difference 
Produced  in  the  appearance  of  the  surface  by  a  minute  change  in 
the  angle  of  incidence  of  the  light.  In  spite  of  the  utmost  pre¬ 
caution  to  keep  the  incidence  constant,  a  small  change  will  some¬ 
times  cause  the  entire  disappearance  of  a  crystal  whose  facets 
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happen  to  be  near  the  critical  angle.  But,  provided  any  portion 
of  a  crystal  is  shown  bright  in  the  photograph,  any  changes  in 
its  outline  or  surface  are  certainly  genuine,  for  light  that  catches 
the  facets  on  one  part  of  the  crystal  must  necessarily  catch  all 
similarly  oriented  facets  also.  Where,  therefore,  the  same  crystal 
appears  in  successive  members  of  a  series,  the  photographs  may 
be  taken  to  represent  its  life-history  accurately. 

Another  feature  of  these  photographs  requires  explanation. 
In  Fig.  5  and  more  or  less  in  most  of  the  others,* *  an  irregular  net¬ 
work  of  dark  lines  or  channels  is  seen  to  cover  the  surface,  and 
these  lines*  obviously  have  little  or  no  relation  to  the  crystals. 
As  a  matter  of  fact,  these  lines  are  only  found  in  specimens  that 
have  been  etched,  and  then  annealed  and  re-etched.  When  only 
one  etching  has  been  applied,  similar  lines  are  seen  to  follow  the 
inter-crystalline  boundaries.  In  that  case  they  are  simply  “  corro¬ 
sion  channels  ”  caused  by  the  action  of  the  acid  at  the  crystalline 
junctions.  These  channels  are  of  comparatively  great  depth,  and 
when  such  a  specimen  is  allowed  to  re-crystallize,  and  is  then  re¬ 
etched  to  de\  elop  the  new  crystalline  structure,  this  second  etch¬ 
ing  is  rarely  carried  deep  enough  to  remove  the  old  etched  corro¬ 
sion  channels,  and  these  remain  as  a  network  over  the  surface, 
^-imp  \  in  icating  the  positions  in  which  crystalline  boundaries 
ormer  y  existed  before  the  structure  became  changed.  This  view 

°u  \  y  t  ,°l)SerVation  that  deePer  etching  Will  eventually 
emme  ah  trace  of  this  network.  In  many  instances  these  traces 

the  namrTerHCr"VSta  nerb0UndarieS  are  ver-v  useful  as  indicating 

the  other  hand,  tiielep  SchfnHhat^  °" 

move  these  lines  was  considered  unH  n  reqmred  t0 

might  of  'itself  alter  the  d  ndesirable>  as  very  deep  etching 

Shape  of  the  cr>'stals-  By  ob- 

a  stable  specimen  we'saSed  etchln8s  on  the  pattern  of 
exceedingly  vigorous  and  prolonged  «Ihing  to  “  "0t'ld 

change  of  pattern,  and  that  in  rt,  g  e  any  vls,ble 

paper,  the  changes'  in 

Our  next  experiment  mc  t  '  ascnbed  to  that  cause. 

men  of  lead  to  a  temperature  of  2^  C  f  fres,d-v-crushed  sPeci* 

watch  the  changes  produced  in  it  C  *  a  ong  t,me'  and  to 

S  produced  in  its  crystalline  structure.  The  an- 

*  Not  reproduced  here.  —  Ed. 
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nealing  ovens*  used  for  this  purpose  consisted  of  wooden  boxes, 
lined  with  asbestos  cloth,  and  heated  by  means  of  one  or  more 
incandescent  electric  lamps.  The  temperature  could  be  regulated 
by  regulating  the  current  in  the  lamps,  and,  more  conveniently, 
by  adjusting  the  lids  of  the  boxes  so  as  to  admit  more  or  less  air. 
Variations  of  io°  C.  in  the  temperature  were  rare. 

Photographs  were  taken  after  the  specimen  had  been  exposed 
to  200°  C.  for  periods  of  time  varying  between  17.5  hours  and  39 
days,  20  hours.  They  exhibited  a  steady  growth  of  the  crystals. 

The  occurrence  of  large  crystals  in  the  annealed  metal  is 
apparently  in  no  way  dependent  upon  the  size  of  the  crystals  in 
the  original  state  before  straining. 

A  remarkable  feature  of  these  large  crystals  is  the  frequent 
occurrence  of  twin  crystals,  both  as  inclusions  in  the  body  of  the 
crystal  and  at  the  boundaries. 

In  our  previous  paper  we  have  already  given  the  observa¬ 
tion  that  twin  crystals  are  rarefy,  if  ever,  found  in  a  cast  metal, 
but  that  they  are  frequently  developed  by  strain,  and  that  they 
are  very  commonly  found  in  metal  that  has  been  annealed  after 
severe  straining.  Our  present  observations  on  lead  entirely  agree 
with  these  statements ;  but  it  may  now  be  possible  to  suggest  an 
explanation  for  the  frequent  occurrence  of  twins  in  annealed  lead. 
\\  hen  the  metal  solidifies  from  the  liquid  state,  it  does  so  by  the 
formation  of  skeleton  crystals,  starting  from  a  great  number  of 
centres,  and  the  arms  of  these  skeletons  continue  to  grow  until 
arrested  by  meeting  with  other  growths. 

From  these  arms  other  arms  again  shoot  out,  and  so  on  until 
the  entire  metal  is  solidified;  but  each  crystalline  element  as  it 
settles  into  place  on  any  of  these  arms  must  assume  the  proper 
orientation  to  enable  it  to  fit  in,  and  in  the  process  of  filling  space 
bv  means  of  such  a  system  of  many  meeting  and  interlacing  ai  ms, 
the  formation  of  a  twin  would  be  almost  impossible.  But  \\  hen 
the  metal  re-crystallizes  after  severe  strain,  it  does  so  by  the 
growth  of  skeleton  arms  that  must  often  start  from  a  cleavage 
plane  of  an  actual  solid  crystal,  and  probably  the  new  elements 
deposited  upon  such  a  plane  would  find  it  as  easy  to  assume  the 
twin  orientation  as  the  normal.  The  idea  that  twin  crystals  are 

*  These  annealing  ovens  were  devised  and  used  by  Mr.  S.  R.  Roget, 
in  his  researches  on  effects  of  prolonged  heating  on  the  magnetic  qualities 
of  iron.  Proc.  Roy.  Soc.,  May  12  and  Dec.  8,  1898. 
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formed  in  annealed  metal  by  growth  starting  from  cleavage  planes 
which  have  been  sheared  across  in  the  process  of  compression  is 
suggested  by  the  very  straight  boundaries  observed  as  a  char¬ 
acteristic  feature  of  twin  lamellae. 

Having  observed  the  comparatively  rapid  growth  of  crystals 
in  strained  lead  at  2000  C.,  we  extended  our  experiments  to  both 
higher  and  lower  temperatures.  Our  observations  were  recorded 
photographically  as  before,  but  the  general  character  of  the  re¬ 
sults  is  so  similar  to  those  already  illustrated  that  it  is  unneces¬ 
sary  to  reproduce  these  photographs.  Experiments  were  made  at 
temperatures  of  ioo°  C,  i5o°  C.,  250°  C..  and  3ooc  C. 

,  th?  absence  ot  a  reliable  method  of  measuring  the  rate  of 
growth  ot  crystals,  the  following  statements  must  be  taken  as 
f  Upon  a  rough  general  estimate.  \\  ith  this  reservation,  our 
as™  °Ver  tUS  range  of  tempcratures  may  be  summed  up' 

tion  ooes  on  aTainf^1  severe*-v  strained,  re-crvstalliza- 

to  the  melting-poimmperatUreS  tf°m  °f  an  ordinar-v  roonl  UP 

rapM  arc  ,he 

ably  Jepeiiding’u^thTnlture'aiT'1'  d'ifcrent  sPecim«"S,  prob- 
cm.  and  upon  the  Se«ri,"  7th!"  t  qUa"“'y  °‘  imPuri&s  P™*’ 
been  subjected.  strain  to  which  the  metal  has 

(4)  The  size  of  the  rrvstoio  u- 

vary  appreciably  between  100°  r  *tmateI-v  produced  does  not 
at  the  temperature  of  the  air  -  ^ ,  '*0°°  ^ead  annealed 

been  obtained,  but  this  is  orobahlvA  1^  cr-vstals  have  not  yet 

(5)  The  phenomena  o^row.hof  3  ‘‘“7°"  of 

when  the  metal  has  previously  k  f  cr-vstals  occur  in  lead  only 
strain.  The  structure  of  a  cist  ^  fub^ected  to  severe  plastic 
temperatures  which  cause  a  -t  Specimen  femains  unaltered  at 
change.  By  casting  in  a  mould  atne<^  sPe<-'imen  to  show  rapid 
specimens  of  lead  can  be  obtTiyyi1^^  t0  cause  rapid  cooling, 
structure,  whose  scale  is  not  verv  u  tr  a  minute  crvstalline 
crushed  lead:  such  a  specimen  2  °rent  that  of  severelv 
seven  days,  but  no  visible  t0  200°  C  for  nearlv 

ot  tins  specimen  was  ,l„;n  a  °f  st™«ure  occurred.  A  piece 
further  exposure  ,o  aco*  C  rlgorous^MoS'^  ^  °" 
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(6)  The  rate  at  which  a  lead  specimen  is  cooled  from  tem¬ 
peratures  of  200°  C.  to  300°  C.  down  to  the  ordinary  air-temper¬ 
ature  has  no  visible  effect  on  the  structure.  Even  “  quenching  ” 
in  liquid  air  has  no  visible  effect ;  quenching  in  water,  cooling  in 
air,  and  slow  cooling  in  the  oven,  were  all  tried  on  a  number  of 
specimens  without  in  any  way  affecting  them. 

(7)  Lead  is  mechanically  hardened  to  a  small  extent  by  se¬ 
vere  strain,  and  the  subsequent  effect  of  annealing  in  restoring 
softness  is  correspondingly  small.  In  one  of  the  experiments 
a  specimen  of  lead  was  crushed  under  a  given  load  in  the  testing- 
machine,  and  the  load  was  left  on  until  no  further  creeping  oc¬ 
curred.  The  specimen  was  then  annealed  and  again  placed  under 
the  same  load,  when  a  distinct  amount  of  further  crushing  was 
seen  to  take  place. 

Some  of  the  experiments  described  above  as  having  been 
made  with  lead  were  extended  to  certain  other  metals  that  lend 
themselves  to  similar  treatment ;  those  used  were  tin,  cadmium 
and  zinc. 

The  crystalline  structure  of  tin  is  well  shown  when  a  sur¬ 
face  of  a  cast  ingot  of  the  metal  is  etched  with  strong  hydro¬ 
chloric  acid.  These  crystals  are  generally  large,  but  a  much  more 
striking  display  is  obtained  on  etching  the  surface  of  commercial 
tin-plate.  Even  before  etching,  the  inter-crystalline  boundaries 
may  be  seen  on  the  surface,  where  they  are  marked  by  fine  grooves 
or  channels.  The  presence  of  these  channels  is  readily  accounted 
for  by  the  method  of  manufacture,  during  which  these  plates  are 
drawn  out  of  a  bath  of  melted  tin,  and  allowed  to  drain.  As  the 
plate  is  drawn  out,  the  layer  of  tin  adhering  to  it  crystallizes,  but 
any  fusible  impurity  present  in  the  tin  would  remain  fluid  slightly 
longer,  and,  being  forced  by  the  crystallizing  tin  into  the  inter¬ 
crystalline  junctions,  the  still  fluid  impurities  will  drain  off,  thus 
leaving  a  minute  channel. 

The  appearance  of  the  etched  surface  of  commercial  tin¬ 
plate  is  shown  in  Fig.  6,  which  is  a  photograph  at  one-half  the 
natural  size.  In  this  photograph  the  outlines  of  the  large  crystals 
can  be  clearly  seen,  but  it  also  illustrates  another  and  peculiar 
feature  of  etched  tin-plate.  In  all  cases  of  an  etched  crystalline 
metal  viewed  by  oblique  light  we  have  always  observed  that,  under 
a  given  incidence  of  light,  certain  crystals  were  bright  while 
others  were  dark,  and  that  the  illumination  was  uniform  over  the 
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entire  area  of  each  crystal.  In  the  etched  tin-plate  this  is  not  the 
case,  the  brightness  shades  off  across  individual  crystals,  some¬ 
times  uniformly,  so  as  to  give  the  crystal  a  concave  appearance; 
at  other  times  in  patches,  giving  a  mottled  effect.  On  closer  in¬ 
spection,  it  appears  that  such  variations  in  brightness  occur  only  in 
one  direction  in  each  crystal ;  in  that  direction  the  brightness  may 
be  made  to  move  across  the  crystal  by  a  slight  oscillation  of  the 


plate,  but  another  direction  can  generallv  h  r  , 

crystal  appears  uniformly  brifrln  a,,  i  •  .  founcl  where  the 

cave  appearance.  ls  <Il,lte  free  from  the  con- 

It  is  well  known  that  the  usual  «  i  • 
illumination  on  etched  crystalline  su  f  \C  . 1Ve  effect  of  oblique 
etching  develops  on  the  surfaces  of"  ^  'S  dUC  t0  the  fact  that 
minute  but  similarly  oriented  facets  CryStals  a  great  number  of 
of  illumination  over  any  area  is  a  i-0'  PUs’  and  tlle  uniformity 

a  dlrect  r'sul<  of  the  constancy 
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of  orientation  of  these  pits  over  that  area.  In  the  specimens  of 
tin-plate  here  described  we  would  therefore  expect  to  find  that 
the  orientation  of  the  etched  pits  or  facets  was  not  strictly  con¬ 
stant  over  the  entire  area  of  each  grain. 

By  examining  the  etched  surface  of  tin-plate  under  the  higher 
powers  of  the  microscope  the  etched  pits  or  facets  can  be  clearly 
resolved.  Under  this  power  their  orientation  is  apparently  quite 
constant,  and  even  under  a  power  of  1000  diameters  the  depart¬ 
ure  from  strict  constancy  is  only  very  slight.  That  it  does  exist 
could  only  be  seen  by  comparing  the  outlines  of  apparently  sim¬ 
ilar  pits  at  opposite  ends  of  a  large  crystal ;  even  there  the 
change  in  the  angles  of  the  figure  or  of  the  orientation  of  one 
of  the  sides,  as  compared  by  means  of  a  cross  wire  in  the  eye¬ 
piece.  was  too  small  to  be  measured,  but  in  certain  cases  the 
character  of  one  of  the  outlines  of  the  pit  altered  slightly,  being  a 
fine  line  at  one  end  of  the  crystal,  and  a  narrow  wedge-shaped 
dark  area  at  the  other.  This  appearance  indicates  4  change  in  the 
slope  of  that  side  of  the  pit,  and  thus  a  change  of  orientation  of 
the  internal  facets  of  the  pit.  This  change  of  orientation  seems 
therefore  to  occur  principally  —  if  not  entirely  —  in  the  vertical 
plane,  i.e.,  in  the  plane  of  least  thickness  of  the  layer  of  tin. 

Under  these  circumstances  it  seems  that  the  term  “  crystal  ” 
should  only  be  used  with  some  qualification  in  speaking  of  the 
patches  developed  by  etching  the  surface  of  commercial  tin-plate. 
In  a  crystal  which  is  undistorted  by  elastic  strain  constancy  of 
orientation  of  the  elements  is  an  essential  characteristic  of  a  true 
crystal.  Some  light  is  thrown  on  this  matter  by  the  fact  that 
we  have  not  observed  this  “  concave  ”  appearance  in  samples  of 
solid  tin,  but  only  on  commercial  tin-plate  where  we  are  dealing 
with  a  very  thin  layer  of  tin  adhering  to  sheet-iron.  Even  in 
tin-plate  this  effect  may  be  made  to  disappear  by  re-melting  the 
tin  over  a  flame  and  allowing  it  to  cool  slowly  and  at  rest. 

In  view  of  these  observations  we  are  inclined  to  attribute 
the  “  concave  ”  appearance  to  a  distortion  or  bending  of  true 
crystalline  plates;  such  distortion  would  probably  arise  from 
differences  in  the  coefficients  of  expansion  of  iron  and  tin 
brought  into  action  by  a  suitable  rate  of  cooling.  Considering 
the  extreme  thinness  of  the  layer  of  tin.  the  amount  of  distor¬ 
tion  might  well  be  purely  elastic  and  insufficient  to  produce 
slip  in  the  crystals  of  tin. 
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The  dimensions  and  arrangements  of  the  tin  crystals  are 
altered  by  changing  the  rate  of  solidification.  By  means  of  local 
quenching  and  re-melting  a  great  variety  of  patterns  can  be 
obtained;  such  processes  have  long  been  in  commercial  use  in 
the  manufacture  of  what  is  called  “  moiree  metallique.” 

It  is  important  to  notice  that  the  small  crystals  of  tin  which 
are  obtained  by  quenching  the  melted  metal  in  water  do  not 
show  any  growth  when  the  metal  is  exposed  for  long  periods 
to  temperatures  short  of  the  melting-point.  Even  a  temperature 
just  short  of  fusion  does  not  make  them  grow  or  re-arrange 
themselves.  A  solid  block  of  tin  may,  however,  be  reduced  to  a 
minutely  crystalline  structure  by  severe  compression,  and  in  speci- 
mens  so  treated  we  have  observed  re-crystallization  to  occur  at 


W  e  also  made  some  experiments  on  the  re-crvstallization  of 
cadmium  at  moderate  temperatures.  This  metal  also  can  be 
•  .  ,  '  compression  untd  its  crystalline  structure  becomes 

originf  )a.rger  crys,ais- 

was  nWr-i-^i  in.  '  a  decided  growth  of  the  crystals 

m  stat 's  «n-  ““f  gradual  of  some  of  the 

thai  we  have  „bsen^trc^T£dmanV  °f- "7  ‘T™ 

In  the  cadmium  we  can  see  no  ;m-  !i  v  d  are  entirel-v  absent- 
sive  individuals,  nor  does  ther  ^  branches  and  no  a£gre s- 
amount  of  twinning.  Seem  t0  be  an>'  considerable 

Experiments  similar  to  those  ,W  ^  -u  J 
on  specimens  of  zinc,  with  the  J  1 d  LCnbed  were  also  made 
strained  by  compression  at  ordinance'  ^  Specimens  of  zinc 
re-crystallize  on  exposure  to  W  r"lpe.fatures  were  foui’d  to 
with  sheet-zinc,  such  as  that  used  /  ,me.  results  obtained 
particularly  interesting  It  js  a  n°r  electr*c  batteries,  were 
chanical  properties  of  zinc  are  widlk  f3Ct  that  the  me_ 

peratures,  particularly  that  the  m  t  l  •  I"erent  at  different  tem¬ 
peratures  slightlv  above  ioo°  r  J  ‘f  ^  3nd  ductile  at  tem- 
at  that  temperature,  while  it  ui  that  U  is  generally  worked 
and  above  zoo0  C.  Commercial  sW™*0  become  very  brittle  at 
above  ioo'  C.,  remains  fairly  soft  roded  at  temperatures 

peratures,  and  its  crystalline  struct,,3”  at  ordinarv  tem- 

specimens  etched  without  previous  2r\t00  minute  to  be  seen  in 

Ifa™o'-hVr-nr^to 


a  temperature 
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of  200°  C.  for  about  half-an-hour,  it  shows  on  etching  with  strong 
hydrochloric  acid  a  brilliantly  crystalline  texture.  The  metal  is 
then  much  harder,  hut  at  the  same  time  brittle;  when  bent  it 
emits  a  “  cry  ”  like  that  of  tin,  and  finally  breaks  with  a  crys¬ 
talline  fracture  which  zigzags  along  the  cleavage-planes  of  the 
various  crystals  through  which  it  passes. 

Many  of  the  phenomena  described  above  as  occurring  in 
such  metals  as  lead,  tin,  zinc,  and  cadmium,  have  close  and  well- 
known  analogues  in  iron  and  steel.  In  those  metals,  however, 
the  temperatures  involved  are  much  higher,  and  the  experimental 
difficulties  are  therefore  greater;  we  have  consequently  been 
able  to  make  many  observations  on  the  re-crvstallization  of  lead 
which  it  has  not  yet  been  possible  to  make  in  the  case  of  iron 
or  steel.  The  question,  therefore,  suggests  itself,  how  far  the 
analogy  between  the  various  metals  holds  true.  One  view  which 
is  held  by  many  persons  —  perhaps  unconsciously  —  may  be 
called  the  theory  of  “  corresponding  temperatures ;  the  central 
idea  of  this  view  is  that  the  properties  and  behavior  of  metals 
are  to  a  great  extent  a  function  of  their  distance  from  their 
own  melting  points.  Thus  a  phenomenon  seen  in  lead  at  200° 
C.  is  strictly  analogous  to  a  similar  phenomenon  seen  in  iron 
at  8oo°  C.  To  a  certain  extent  this  view  is  justified,  but  it 
may  easily  be  carried  too  far.  Thus,  while  lead  at  io°  C.  is 
soft  and  ductile  like  iron  at  8oo°  C.,  yet  gold  at  io°  C.  is  also 
soft  and  ductile,  while  it  is  further  from  its  melting-point  than 
iron  at  the  same  temperature.  Again,  one  of  the  most  charac¬ 
teristic  features  of  lead  is  the  extreme  straightness  of  its  slip- 
bands/'  while  those  of  iron  are  characteristically  curved  and  ir¬ 
regular.  We  have  not  had  an  opportunity  of  examining  the 
slip-bands  produced  by  straining  red-hot  iron,  but  we  have  made 
the  converse  experiment  of  straining  lead  at  the  temperature  of 
liquid  air,  with  the  result  that  the  slip-bands  developed  were 
as  characteristically  straight  and  regular  as  ever,  thus  showing 
that  the  straightness  of  the  slip-bands,  which  is  so  closely  asso¬ 
ciated  with  softness  and  ductility,  is  a  characteristic  of  the  metal 
rather  than  a  function  of  the  temperature.  In  order  to  thor¬ 
oughly  test  the  same  question  in  relation  to  annealing,  a  long 
series  of  experiments  to  determine  whether  or  not  gradual  re- 
crystallization  goes  on  in  strained  iron  at  ordinary  temperatures 
and  a  similar  series  on  lead  at  much  lower  temperatures  would 
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be  required.  In  the  case  of  glass-hard  steels  it  is  well  known 
that  a  certain  amount  of  annealing  takes  place  at  ioo°  C,  and 
even  at  atmospheric  temperatures ;  but  in  the  case  of  steel,  where 
a  distinct  chemical  change  is  involved,  the  nature  of  the  annealing 
action  may  differ  very  considerably  from  that  in  an  approximately 
pure  metal.  Certain  phenomena  in  the  recovery  of  elasticity  after 
over-strain  in  both  iron  and  steel  (Muir,  J.,  “  Recovery  of  Iron 
*"d  Sf‘  fr°m  Over-strain,”  Phil.  Trans.,  1899)  also  point 
tie  tact  that  changes  of  internal  structure  may  occur  in  iron 
ven  moderate  temperatures;  further  evidence  in  the  same 

Cr  a,SCd  b>;,tl,e  effect  produced  <R°S«.  S.  R.,  Proc. 

'  8^)  011  ,he  maS"«'C  properties  of  soft  iron  bv 

Z  vl  L0erT,''Trf“reS'  °n  ,he  other  ha"d'  «  "as 

particularly  in  iL  1“" 0**1 " 

can  only  occur  at  nr  oi  ’  .  e  critlcal  phenomena  which 

has  dffinite  temPeratures-  Arnold 

“  annealing-point.”  Various  o/the  determinatl0n  of  such  an 

ing  of  iron  and  steel  have  also  h  arrest'points  ”  in  the  cool- 
critical  points  in  resnect  t  ,.  Cen  re£arded  as  representing 

the  two  is  by  no  means  fully  proved"^!!11!-4116/01111^*011  betwee" 
annealing  or  re-crvstalli73t;-,  •  having  found  phenomena  of 
interesting  in^'X^  fc  ?""*«  »eca„,e 

could  be  found  in  the  coolino-  t  ?  corresponding  arrest-points 
the  matter  by  means  of  a  ovrom^  ^  nietals‘  We  investigated 
two  thermo-electric  junctions  nC  arran£ement  consisting  of 
vanometer,  and  a  potentiometer  ***  sensitive  D’Arsonval  gal- 
b>a  Sir  W.  Robem-Austen  th  S°^ewhat  similar  to  that  used 
nietei  were,  however,  observed  K  ^  C  e^ect*ons  of  the  galvano- 
instead  of  being  photographically  °f  3  te,escoPe  and  scale, 

t  ut  cither  from  this  cause  or  'frn^°'’  ^  ^  111  a-v  be,  therefore, 
the  whole  arrangement,  some  U1Sufficient  sensitiveness  of 
looked ;  but  between  the  meltm?™-6  arrest-Pobits  were  over- 
Pera  ure  of  the  air  „0  tr™ of *****  ^ 

hree  metals  tried,  i.e  je_(1  .  arrest*Point  was  observed  in 
points,  if  they  exist  a’u  3d’  a*td  cadmium.  Such  arrest- 

P"S“. ,ha"  to  ^  lower  tem- 

having  thus  failed  to  m  ?  expennients  were  carried 

evolved  d"’ ^  "h" “nv  Ph— ,a  of  re-crystal- 

n"S  ""  cooli'>g  of  the  metal  T!!  f*  wh'eh  heat  is 

9  nd  having  reason  to 


The  Crystalline  Structure  of  Metals 


103 


believe '  that  even  in  iron  the  arrest-points  are  not  necessarily 
intimately  connected  with  annealing,  we  look  for  a  theoretical 
explanation  of  these  actions  in  another  direction.  The  theory 
of  re-crystallization  which  we  shall  now  advance  as  a  working 
hypothesis  for  the  explanation  of  the  phenomena  described  in 
this  paper  ascribes  an  important  part  in  the  action  to  the  im¬ 
purities  present  even  in  “  pure  ”  metals.  The  impurities  which 
we  believe  to  be  of  importance  are  those  which  are  capable  of 
forming  eutectic  alloys,  or  fusible  compounds,  with  the  metal 
itself ;  they  would  therefore  be  mainly  metals,  particularly  the  more 
fusible  metals,  such  as  bismuth,  tin,  cadmium,  mercury,  sodium,  or 
even  rarer  metals,  such  as  gallium.  It  is  well  known  that  when  a 
metal  containing  a  small  proportion  of  such  impurities  crystal¬ 
lizes,  the  impurities  are,  for  the  most  part,  segregated  in  the 
inter-crystalline  boundaries.  The  crystals  themselves  form  atr  a 
temperature  when  the  eutectic  alloys  are  still  quite  fluid,  and  the 
growing  crystals  gradually  push  the  remaining  eutectic  into  the 
boundaries.  Where  the  quantity  of  impurities  present  is  suf¬ 
ficiently  great,  this  eutectic  can  be  seen  under  the  microscope 
forming  an  inter-crystalline  cement.  Mild  steel,  where  the 
“  pearlite  ”  plays  the  part  of  a  eutectic,  is  a  good  example  of 
such  a  structure;  other  examples  can  be  found  in  the  gold- 
aluminium  alloys  illustrated  by  Messrs.  Heycock  and  Neville.* 
W  here  the  quantity  of  eutectics  present  is  very  small,  the  meshes 
of  inter-crvstalline  cement  cease  to  be  visible,  but  the  presence 
of  the  impurity  makes  itself  felt  by  the  formation  of  deep  grooves 
°r  channels  along  the  inter-crystalline  boundaries  on  etching. 
Even  a  very  minute  amount  of  impurity  would  suffice  to  form 
a  thin  but  practically  continuous  film  of  eutectic  in  the  crystal¬ 
line  boundaries. 

The  close  analogy  between  alloys  and  salt  solutions  has  been 
so  fully  worked  out  that  it  is  barely  an  assumption  to  say  that 
a  eutectic  alloy  in  contact  with  crystals  of  one  of  its  constituents 
"ill  behave  in  much  the  same  way  as  a  saturated  solution  of  a 
salt  in  contact  with  crystals  of  that  salt  would  do.  Our  view, 
t*len,  is  that  there  is  constant  diffusion  from  the  surface  of  the 
cr.vstal  into  the  eutectic  film  and  equally  constant  re-deposition 


*  “  Gold  Aluminium  Alloys,”  Heycock  and  Neville,  Phil.  Trans..  A, 
°1-  T94.  plates  4  and  5. 
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of  metal  upon  the  crystal  from  the  eutectic  film.  If  there  are 
several  crystals  in  contact  with  the  same  eutectic,  then  there  will 
be,  under  some  conditions,  a  state  of  dynamic  equilibrium  be¬ 
tween  them,  the  amount  dissolved  from  each  being  exactly  coun¬ 
terbalanced  by  the  amount  deposited  upon  it;  if,  however,  there 
is  any  difference  in  the  solubility  of  various  crystals,  in  other 
words,  if  there  is  any  difference  in  their  “  solution  pressure  ” 
in  respect  to  the  eutectic,  then  the  less  soluble  will  grow  at  the 
expense  of  the  more  soluble.  In  the  case  of  salt  crystals  in 
an  ordinary  solution  it  is  well  known  that  the  large  crystals 
gradually  absorb  the  small  ones,  a  transformation  generally  ex¬ 
plained  on  the  ground  that  a  system  tends  to  assume  a  position 
of  minimum  potential  energy.  In  .the  case  of  metallic  crvstals 
in  a  solid  metal  we  have,  however,  this  special  condition,  that  the 
eutectic  (or  solution)  exists  as  a  mere  thin  film  in  contact  with 


only  one  face  of  one  crystal  on  either  side.  If,  therefore,  these 
two  crystal  faces  differ  in  solubility  or  “  solution  pressure  ”  in 
the  eutectic,  gradual  transfer  of  the  metal  by  diffusion  through 
the  eutectic  film  from  one  crystal  to  the  other  would  result,  and 
the  one  crystal  would  grow  at  the  expense  of  the  other.  This 
action  might  go  in  while  the  eutectic  was  solid  — Sir  W.  C. 

)  }erts  .  usten  has  demonstrated  that  diffusion  does  occur  in 
sold  metals*  but  at  extremely  slow  rates,  unless  the  metals 
are  near  their  melting-points.  The  metal  constituting  the  eutectic 
mas!’  ™uch  nearer  lts  melting-point  than  the  rest  of  the 
but  thl  rat  r  ,  faVOrable  t0  comParatively  rapid  diffusion, 
growth  of  r  °t  7'  dlffusion  and>  consequently,  the  rate  of 
d  e  metafto7t  ’  W°Uld  be  eno™>slv  increased  by  -heating 
!n  question  temperatUre  above  the  melting-point  of  the  eutectic 


in  a 


solid 7777  ,  We  SUggest  to  explain  crystal  grow 
the  solubility  of  the^woV^tVf6  existence  of  a  difference 
film.  The  only  differs  ?  ^  faCCS  1,1  contact  with  a  euteci 

in  the  orientation  of  the^cr^tlmn^.f' '  7°  fa,Ces  is’  aPParen* 

- - -  lne  elements ;  but  this  very  d 

Bakericin  Lecture  “  tm-t-c  •  .  - - 

Phil.  Trans..  A,  1896  Vol  ,8,  ^  °f  Metals’”  **  W‘  C.  Roberts-Aust, 
Lead,”  Proc.  Roy.  Soc.  Mav  383-416 ;  “Diffusion  of  Gold  ir 

Ro  J^Te°  “y  the  <»  .his  .heor,  belongs  ,o  » 
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ference  is  sufficient  to  produce  a  difference  in  the  rate  of  solution 
of  such  surfaces  in  an  acid.  A  polished  surface  of  metal  when 
attacked  by  an  acid  is  not  attacked  at  a  uniform  rate  all  over, 
but  at  different  rates  over  different  crystals,  in  such  a  way  as 
to  produce  marked  differences  of  level  between  adjacent  crystals. 
Another  phenomenon,  seen  best  in  etching  lead  in  dilute  nitric 
acid,  is  also  of  interest  in  this  connection;  it  has  already  been 
described  in  the  present  paper.  We  there  have  a  case  of  lead 
dissolved  from  one  crystal  and  deposited  upon  another  crystal 
in  its  proper  orientation. 

In  view  of  these  facts,  we  think  it  must  be  admitted  that 
different  crystal  faces,  having  a  different  orientation  of  their 
elements,  differ  in  solubility  in  the  same  solvent.  To  inquire 
into  the  cause  of  this  difference  is  a  further  step  in  speculation 
which  is,  perhaps,  hardly  necessary  in  this  connection.  Such 
differential  actions  may,  however,  most  probably  be  attributed 
to  differences  of  electrical  potential  in  the  surfaces  involved.  If 
we  accept  this  view  of  the  matter,  then  the  diffusion  across  films 
of  eutectic  becomes  a  case  of  electrolysis.  Now,  while  diffusion 
in  metals  and  alloys  is  a  proved  fact,  the  possibility  of  electrolysis 
in  an  alloy  has  not  yet  been  demonstrated  experimentally.*  On 
the  other  hand,  the  close  analogy  with  salt  solutions  leads  one 
to  expect  that  alloys  could  be  electrolyzed,  and  those  who  have 
experimented  in  the  matter  are  not  by  any  means  certain  that 
greater  experimental  resources  will  not  enable  them  to  electrolyze 
alloys. 

There  is  at  least  one  fact  in  the  phenomena  of  re-crystaliza- 
tion  which  the  solution  theory,  apart  from  electrolysis,  does  not 
cover,  while  the  electrolytic  theory  explains  it  very  readily.  \\  e 
refer  to  the  fact  that  only  strained  crystals  will  grow,  while 
unstrained  crystals  show  no  tendency  to  change  even  at  higher 
temperatures.  The  explanation,  on  the  electrolytic  theory,  is 
that  in  the  unstrained  state  the  crystals  are  surrounded  by  prac- 

*  It  has,  however,  been  shown  by  Gamier  ( Cotnptes  Rendus  dc 
l  Academic  des  Sciences,  Vol.  116,  1893,  pages  144-9),  that  the  diffusion  of 
carbon  into  iron  is  affected  by  the  action  of  an  electric  current.  He  inter¬ 
posed  a  layer  of  carbon  between  two  iron  electrodes  enclosed  in  a  fire-clay 
tube;  the  whole  was  heated  to  1000°  C.,  and  a  current  of  55  amperes  was 
passed  for  three  hours,  when  the  anode  was  found  to  be  unchanged,  while 
the  cathode  had  undergone  considerable  cementation.  This  action  in  the 
'nterior  of  the  iron  is  practically  electrolysis  of  the  carbon-iron  eutectic. 
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ticallv  continuous  films  of  eutectic,  and  that  electrolysis  onlv 
becomes  possible  when  severe  distortion  has  broken  through 
these  films  in  places,  allowing  the  actual  crystals  to  come  into 
contact;  the  electrolytic  circuit  would  then  be  for  each  pair  of 
crystals,  from  one  crystal  to  the  other  by  direct  contact  and 
back  through  the  eutectic  film. 


Our  view  of  the  phenomena  of  re-crystallization  in  solid 
metals  may  be  summed  up  thus We  believe  that  the  action  is 
one  of  solution  and  diffusion  of  the  pure  metal  constituting  the 
cr\  stals  into  the  fusible  and  mobile  eutectic  forming  the  inter- 
crystalline  cement.  This  diffusion  results  in  the  growth  of  one 
crystal  at  the  expense  of  the  other,  owing  to  differences  in  solu¬ 
bility  of  the  crystal  faces  on  opposite  sides  of  the  eutectic  film, 
and  it  seems  probable  that  this  phenomenon  of  directed  diffusion 
is  really  a  form  of  electrolysis. 

Ihere  !s  one  deduction  from  this  solution  theory  of  re- 

eme  t  Tn  1CndS  itSdf  t0  exPer*mental  investigation.  If 
utectics  play  an  essential  part  in  re-crystallization,  these  phe- 

of  formit  ;SaPP7  ^  thC  t0tal  absenCC  of  *mPur*ties  capable 

taXf  X  SeVere  Strai"  Should  "«  but’ it  is  almost 

peless  to  obtain  a  specimen  of  such  puritv  as  to  justify  the 
conclusion  experimentally  in  this  form  t u  \  '  • 

required  can  be  roughs  17!,  <  ?C  degree  °f  PuntV 
cent  of  carbon  in  iron 7  **  M  ^ 

microscope;  so  that  probablv3^  e  as  Perlite  ”  under  the 
million  would  vitiate  the  experiment ' *****  °f  °ne  ***  ”  °n® 

But  our  conclusion  can  be  nan-n,  a  a 
ticable  limits  by  putting  i,  in  this  J"!  d°""  *°( .more  Prac‘ 
of  a  eutectic  is  essential  to  crystalline  . '  ,7  lf  he  Presence 

boundary  free  from  eutectic  should  i  growth’  then  a  crystalline 
This  condition  can  be  approSm  'e.  3  7^  t0  a11  s"ch 

between  two  clean-cut  surfaces  of  rCa  1Zed  b-v  means  of  a  weld 
particularly  well  to  such  experiments  Lead  lends  itself 

pressure  without  the  aid  of  heat  I  w  11  We*ds  readily  under 
a  strikingly  experimental  verificat'  °  *  T  Way  we  have  obtained 
from  the  above  theory.  10n  °  dle  conclusion  deduced 

Tlie  welds  were  made  in  various 
discs  about  iy2  inch  in  diameter  had  !h"?ys;  generally  two  lead 
with  a  clean,  sliarp  knife,  the  two  f  f  surfaces  scraped  clean 

unaces  being  put  into  contact 
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immediately  after  scraping.  They  were  then  subjected  to  a  pres¬ 
sure  of  5  tons  steadily  applied  in  a  testing-machine;  in  some 
cases  pressures  up  to  50  tons  were  used.  The  behavior  of  the 
specimens  under  pressure  depended  upon  the  previous  prepara¬ 
tion  of  the  lead  discs;  as  a  rule,  and  in  order  to  obtain  the 
metal  in  a  condition  where  its  crystals  would  grow  rapidly,  these 
discs  were  prepared  by  crushing  a  cast  cylinder  an  inch  long  by 
^5-inch  diameter.  In  other  cases  the  discs  were  obtained  by 
casting,  and  were  then  only  strained  when  the  welding  pressure 
came  upon  them ;  in  these  cases  there  was  considerable  “  flow  ” 
while  the  two  discs  were  in  contact,  but  their  ultimate  behavior 
was  the  same  in  all  cases. 

The  welded  discs  so  obtained  were  found  to  be  firmly  united 
and  could  be  sawn  into  sections  as  desired ;  they  were  cut  up 
into  sections  suitable  for  microscopic  examination,  sometimes  be¬ 
fore,  but  generally  after  “  annealing.”  The  annealing  was  done 
by  exposing  the  specimens  to  a  temperature  of  200°  C.  for  a 
considerable  time  —  varying  from  24  hours  to  over  a  month, 
and  the  crystals  in  all  cases  grew  vigorously.  Sections  at  right 
angles  to  the  plane  of  the  weld  were  then  cut  smooth  and  etched 
for  examination.  On  the  freshly-cut  surface  the  line  of  the  weld 
could  never  be  distinguished.  The  etching  had  to  be  carried  to 
a  considerable  depth,  because  we  found  that  the  cut  surface 
was  covered  by  a  thin  layer  of  very  minute  crystals  —  evidently 
the  result  of  the  violent  strains  set  up  by  the  cutting-tool. 

Microscopic  examination,  generally  at  80  diameters,  of  these 
etched  sections  showed  that,  although  the  crystals  on  either  side 
of  the  weld  had  grown  vigorously,  none  of  them  crossed  the 
line  of  the  weld,  which  was  clearly  visible  as  an  inter-crystalline 
boundary  continuous  along  the  whole  specimen ;  in  many  cases 
aggressive  individual  crystals  had  grown  up  to  the  line  of  the 
weld  and  there  ended  quite  abruptly.  It  must  not,  however,  be 
supposed  that  this  weld  line  was  mechanically  weak ;  it  proved 
°n  trial  to  be  quite  as  difficult  to  cut  or  tear  the  metal  along 
the  weld  as  in  any  other  direction.  The  weld,  therefore,  behaved 
as  a  true  inter-crvstalline  boundary,  differing  only  in  the  absence 
°f  eutectic,  and  therefore  forming  a  barrier  to  crystalline  growth. 
Fig-  7  shows  the  appearance  of  such  a  weld  in  section  after 
annealing  and  etching,  at  a  magnification  of  30  diameters.  The 
line  AB  is  the  weld.  As  these  experiments  w^re  made  on  com- 
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mercial  lead,  we  were  prepared  to  find  that,  as  a  mere  matter 
of  probability,  some  eutectic  would  have  occasionally  found  its 
way  into  the  welding  surfaces,  but  this  seems  to  have  happened 
only  very  rarely.  We  examined  some  forty  specimens,  and  only 
in  two  instances  did  we  see  a  slight  amount  of  crystalline  growth 
crossing  the  line  of  the  weld.  We  think  that  we  are  justified 
in  attributing  these  rare  exceptions  to  the  accidental  presence 
of  impurity. 

We  then  went  a  step  further.  If  we  have  in  a  welding 
surface  an  inter-crystalline  junction  which  acts  as  a  barrier  to 


hg.  7.  Cold  \\  eld  in  Lead,  using  clean  surfaces, 
after  prolonged  annealing.  Magnified  30  diam.  ’ 


Fig.  8.  Cold  Weld  in  Lead,  using  eutectic 
weld,  after  prolonged  annealing.  Magnified  3 


suitnhle116  f  cVth,  OWing  t0  the  absence  of  eutectic,  then  if  a 
elsewhere  ^  SUppHed’  &ro'vth  should  occur  there  as 

laver°oUfrief!rdtheXPeoinient  W“  t0  interPose  a  thin  but  continuous 
he  s^imen'u^t  the  *ad  discs  in  welding: 

well  “h  n  e  -en  for  Se'’eral  da>  s  a<  200=  C - 

don  ft  w as  otl  ^g'PTnt  °f  the  eut^-but  on  examina- 

such,  and  allowed  no^rowth^c  °f  had  persisted  aS 

film  of  eutectic  introduced  at  th  m  But  ln  tbis  case  th° 

the  conditions  were  therefore  a  7  WeW  W3S  continuous.  and 
therefore  analogous  to  those  which  hold  at 
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the  boundaries  of  unstrained  crystals,  where,  as  we  have  pointed 
out,  growth  does  not  occur.  To  make  the  experiment  conclu¬ 
sive  it  was  necessary  to  have  a  discontinuous  film  of  eutectic 
at  the  weld.  We  accordingly  tried  another  experiment,  intro¬ 
ducing  only  a  few  small  flakes  of  the  same  alloy,  and  after 
annealing  we  found  that  crystalline  growths  had  crossed  the  line 
of  the  weld  in  many  places.  This  experiment  was  repeated 
many  times,  various  impurities  being  used,  such  as  the  lead-tin- 
cadmium-bismuth  eutectic,  pure  tin,  cadmium,  bismuth,  and  mer¬ 
cury.  All  these  gave  the  same  result,  showing  considerable 
growth  across  the  weld  after  prolonged  annealing  at  200°  C., 
but  the  amount  of  growth  observed  varied  very  much. 

Fig.  8  shows  a  typical  example  of  crystals  that  have  grown 
across  the  weld ;  the  line  of  the  weld  is  still  faintly  indicated 
by  a  discontinuous  line,  CD,  probably  representing  an  included 
impurity  of  a  non-metallic  character,  around  which  the  crystals 
have  grown  much  as  they  grow  around  the  slag  in  wrought- 
iron. 

In  order  to  remove  all  doubt  as  to  the  action  of  the  im¬ 
purities  which  were  introduced,  and  particularly  to  obviate  the 
possible  contention  that  their  action  was  either  purely  mechanical 
or  else  of  the  nature  of  that  of  the  “  dirt  more  or  less  lequisite 
in  many  chemical  actions,  certain  further  experiments  on  welds 
in  lead  were  made.  In  these,  the  matter  introduced  at  the  w  eld 
was  — 

(1)  Flakes  of  lead. 

(2)  Clean  iron  filings. 

(3)  Clean  sand. 

In  all  three  cases  no  growth  across  the  wreld  took  place, 
which  confirms  the  view'  that  the  presence  of  a  more  fusible 
eutectic  in  an  inter-crvstalline  boundary  is  essential  to  cr\  stalhne 
growth  across  that  boundary.  We  think,  therefore,  that  we  are 
justified  in  regarding  the  results  of  these  experiments  as  str°n& 
confirmation  of  the  solution  theory  of  crystalline  grow  1 1 
annealing. 
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METALLIC  ALLOYS* 

By  J.  E.  STEAD 

A  \  THAT  is  a  metallic  alloy? 

'  »  In  the  light  of  modern  research,  a  metallic  alloy  is  a 
mixture  of  metallic  substances,  which,  after  melting,  does  not 
separate  into  two  separate  layers. 

When  such  a  separation  does  occur,  each  layer  becomes  a 
separate  and  distinct  alloy. 

Lead  and  zinc,  bismuth  and  zinc,  lead  and  aluminium,  bis¬ 
muth  and  aluminium,  cadmium  and  aluminium,  when  melted 
together,  are  instances  in  which  separation  occurs. 

Some  non-metallic  elements,  such  as  phosphorus  and  carbon, 
combine  with  metals  to  form  definite  chemical  compounds  pos¬ 
sessing  metallic  characteristics.  These  take  the  place  of  metals 
m  some  alloys,  and  behave  exactly  as  if  they  were  metals. 

i  *  3  1^ss^r|  (J°ur-  Client.  Soc.,  1867,  page  220)  appears  to 

ha«  regarded  ,r°"  and  sted  as  alloys,  and  describes  , he  carbon- 
iron  compounds  as  such. 

Conner  nlio-Th6  to  describe  phosphor-tin,  phosphor- 

he  aLf  W  7b  u  cas,-iron  OTd  s‘«>  “  "«a|- 

ire  S„lv  m«ae,rP  and  cart)id«  which  are  presen, 

lias  not  been  the*  Ic  511  ,stances,  and  alloy  with  the  metals.  It 

nas  not  been  the  custom  in  the  nast  a*  m  •  A 

steels  as  alloys,  but  they  undouhtSl  C  P‘g  ir°nS  a”d 

oubtedly  have  a  right  to  the  term. 

The  Constituents  of  Alloys 

A  constituent  of  an  alloy  mav  a  r 
which  has  an  entity  peculiarly  its  own  ^  “  *  SeparatC  b0d>’’ 

n,e,hSs'«T™UmeS^,b7!;'  ^ 

elementary  bodies  in  the  cold  mehi°  T,  “  GVery  case  exist  35 
lead.  When  they  are  melted  together  •  !  the  CaSe  of  gold  and 

the  cold  alloy  contains  a  very  ljtti  ab°Ut  equal  proportions 
the  greater  mass  of  it  is  composed  apparfntl-v>  free  g°!d  1  btlt 
line  bodies,  which  are  definite  .  W0  ^nds  of  white  crystal- 
- I!!!!!fj^™“al  compound,  of  gold  and 
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lead,  and  in  addition  to  these  there  is  a  eutectic  containing,  as 
one  of  its  constituents,  lead,  in  which  a  portion  of  one  of  the 
definite  compounds  remains  in  solid  solution.  There  are  very 
few  alloys  which  contain  in  one  specimen  so  many  separate  con¬ 
stituents.  Although  only  the  two  elementary  elements  lead  and 
gold  are  present,  yet  the  alloy  contains  at  least  four  constituents. 
This  very  remarkable  alloy  is  briefly  referred  to  here,  for,  in 
order  to  describe  it,  the  use  of  practically  all  the  general  terms 
for  the  constituents  of  alloys  has  had  to  be  employed.  The 
constituents  of  alloys,  therefore,  in  categorical  order  are  as 
follows : —  ' 

1.  Free  metals  in  a  pure  state. 

2.  Solid  solutions  of  one  metal  in  another,  or  of  definite  chemical 

compounds  in  an  excess  of  metal. 

3.  Eutectic  mixtures. 

4.  Definite  chemical  compounds  of  metals  with  metals,  or  metals  . 

with  certain  non-metals. 

5.  Allotropic  modifications  of  metals  or  of  definite  chemical 

compounds. 

1.  Free  Metals  in  a  Pure  State 

These  are  the  metals  which  fall  out  of  solution,  or  crystallize 
in  the  pure  state. 

They  are  found  in  the  alloys  as  crystallites  (skeleton  crys¬ 
tals  minus  their  crystal  faces),  or  as  perfectly  formed  crystals 
(idiomorphic)  with  all  their  true  faces  and  angles.  When  pres¬ 
ent  in  these  forms,  as  a  rule  they  have  been  formed  in  a  fluid 
matrix  and  were  the  first  to  fall  out  of  solution.  If  the  metal 
has  a  lower  fusing  point  than  that  part  of  the  alloy  which  first 
crystallized,  it  is  found  between  the  crystals  or  crystallites  filling 
up  the  interstices.  If  the  metals  form  a  eutectic,  one  or  all  of 
them  may  be  in  the  free  state  in  juxtaposition. 

There  are  two  methods  of  ascertaining  whether  or  not  a 
metal,  which  is  apparently  in  a  pure  elemental  state,  is  really 
so.  The  first,  which  is  the  most  satisfactory,  is  to  dissolve  away 
by  some  suitable  solvent,  everything  except  the  apparently  free 
metal  and  then  make  an  analysis  of  it.  Unfortunately  this  is  npt 
always  possible,  as  it  is  difficult  and  often  impossible  to  obtain 
a  re-agent  which  is  inactive  on  the  metal  it  is  sought  to  isoatt. 
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The  second  method  is  a  synthetical  one.  The  metal  is  melted 
with  varying  minute  quantities  of  the  second  metal  or  element, 
and  the  alloys  are  slowly  cooled.  They  are  then  cut  up,  the  sec¬ 
tions  are  polished,  and  the  structure  developed  either  by  polish¬ 
ing,  “  heat  tinting,”  or  etching.  They  are  finally  examined  under 
the  microscope,  and  if  the  least  possible  quantity  of  the  added 
metal  or  definite  compound  formed  by  it  can  be  detected,  it  may 
be  assumed  that  the  metal  under  examination  does  not  form  a 
solid  solution  with  the  second  metal. 

This  method  is  also  capable  of  determining  exactly  what 
amount  of  one  metal  will  form  a  solid  solution  with  another. 

It  sometimes  happens  that  when  solidification  is  very  rapid, 
complete  separation  is  not  effected,  even  in  the  metal  which,  under 
normal  conditions  of  cooling,  may  disentangle  itself  from  its  fel¬ 
low  constituents. 

Many  of  the  constituents  of  alloys  which  have  hitherto  been 
accepted  as  pure  metals,  when  more  perfect  methods  are  dis¬ 
covered  for  their  isolation,  will  probably  be  found  to  be  solid 
solutions. 


The  apparently  pure  crystallites  of  silver  which  fall  out  of 
lead-silver  alloys  containing  a  large  quantitv  of  silver,  have  been 
proved  by  my  friend,  the  late  Mr.  Saville  Shaw,  of  Durham 
o  e,^e  ot  Science,  to  contain  a  considerable  quantitv  of  lead. 

Osmond  has  proved  that  copper  can  retain  about  i  per  cent 
silver  in  solid  solution  and  tW 

...  c  ’  na  tfiat  sdver  can  retain  the  same  quan¬ 

tity  of  copper. 


in  Jud^olu^aS  AaTcopwr'0"  re‘a™S  phosphideS  of  ir'’" 
of  antimony  and  arsenic.  reta'"  3  sensib,e  an'ol"’t 


2.  Solid  Solutions 

It  will  have  been  cleaned 

a  solid  solution  of  one  metal  in  m  u&  previous  remarks  tliat 
containing  two  or  more  element*  1S  a.  solid  substance 

that  the  highest  power  of  the  '  SUC"  an  intimate  mixture 
properly  prepared  sections  micr°scope  cannot  detect  them  on 

Ostwald,  in  his  work  on  solnt‘ 

“  homogeneous  mixtures  whiei,  '°ns’  de^lnes  solutions  as  being 
means.”  cannot  be  separated  by  mechanical 
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It  happens  that  many  mixtures  such  as  eutectics  cannot  be 
actually  separated  by  .mechanical  means;  although  they  can  by 
“  heat-tinting,”  by  polishing,  or  by  etching,  be  seen  to  be  separate 
from  each  other,  and  if  they  are  separate,  the  substance  cannot 
be  homogeneous,  or  be  proved  to  contain  separate  independent 
constituents. 

Many  mixtures  of  metals  which  form  liquid  solutions  do 
not  remain  in  solution  when  they  solidify.  The  term  “  solidified 
solution  ”  has  been  applied  to  solid  alloys  of  metals  which  were 
in  solution  when  liquid,  but  which  are  not  necessarily  in  solid 
solution  when  cold.  It  is  important  that  the  distinction  between 
solidified  solution  and  solid  solution  should  be  remembered,  so 
as  to  avoid  confusion. 

Solid  solutions  crystallize  in  a  form  identical  with  or  very 
closely  approximating  to  that  constituent  which  preponderates. 

In  a  true  liquid  solution  of  salt  in  water,  no  microscope 
can  detect  any  of  the  constituents :  it  appears  to  be  homogeneous. 
Solid  solutions  of  one  metal  in  another  are  similar  in  that  respect. 

Sir  William  Roberts-Austen’s  definition  of  solid  solution  is 
as  follows : 

“  A  solid  solution  is  a  homogeneous  mixture  of  two  or  more 
substances  in  the  solid  state.  In  metals,  no  one  has  as  yet  worked 
at  non-crvstalline  mixtures,  and  solid  solutions  of  metals  when 
crystalline  are  solid  ‘  isomorphous  mixtures,’  or  mixed  crystals. 

This  definition  is  a  most  concise  one,  and  certainly  appears 
to  cover  every  kind  of  solid  solution. 

There  are,  however,  several  kinds  of  solid  solutions : 

(1)  In  which  one  metal,  in  an  alloy,  on  crystallizing,  letains  a 
portion  of  the  other  homogeneously  diffused  throughout  its 
whole  crystalline  mass. 

(2)  In  which  during  crystallization  the  central  portions  of  the 
crystals  contain  less  of  the  dissolved  metal  than  their  extei  nal 
boundaries. 

(3)  In  which  the  metals  form  a  definite  chemical  compound,  a 
portion  of  which  is  retained  in  solid  solution  in  the  excess 
of  the  metal  or  metals. 

(4)  In  which  the  non-metallic  elements  form  definite  chemical 
compounds  with  a  portion  of  the  dissolving  metal  and  remain 
in  solid  solution. 

The  terms  “  isomorphous  ”  and  “  mixed,  as  applied  to  crys- 
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tals,  have  been  arid  still  are  used  synonymously,  and  are  syn¬ 
onymous  with  the  term  “  solid  solution  in  metals.  The  term 
“  mixed  crystals  ”  might  lead  to  the  erroneous  idea  that  the  crys¬ 
tals  were  mixed  up  together,  but  remained  independent.  The  term 
“  isomorphous,”  according  to  Professor  Bauerman,  can  only  be 
strictly  applied  to  mixtures  of  substances  crystallizing  in  the  cubic 
system. 

There  seems  to  be  less  objection  to  the  term  “  solid  solution.” 
It  may  be  applied  to  crystallized  or  non-crvstallized  substances, 
and  conveys  the  meaning  that  the  bodies  in  solution  are  as  inti¬ 
mately  associated  as  if  they  were  in  liquid  solution,  and  that  there 
is  not  complete  separation  of  constituents  when  the  fluid  solu¬ 
tion  pases  into  the  solid  solution. 

The  expression  mixed  crystals  should  be  avoided  in  metal¬ 
lurgical  nomenclature  if  any  other  term  is  available,  for  the  eutec¬ 
tics  are  described  as  eutectic  mixtures,  the  term  mixture  in  this 
case  meaning  an  alloy  or  compound  separated  into  two  or  more 

parts,  whereas  a  so-called  “  mixed  crystal  ”  consists  of  a  homo¬ 
geneous  whole. 


As  a  rule,  all  metals  and  alloys  are  crystalline,  therefore  solid 

rr  t  ^nS  °  °.r  niore  metals  in  others  may  be  accepted  as 

cn  stallme  solid  solutions. 


3*  -C.UTECTICS 

applied”"  ,o  a3s«ttL',hoftarbys.  “  "’aS  GU'hrie  Wh° 

he  recognized "tLM^Xcfe^roport-  '*  “  C'ear 

have  not  necessarily  any  relation  °f  the  metal$  preSent 

says,  “  of  course,  in  many  cases  met  at°miC  wei^hts’  and 
in  simple  multiples  of  their  atom!  ^  ^  be  fused  to&ethe' 
cases,  one  of  the  metals  will  se™  °  'veights»  but  in  most  such 
the  ratio.”  .  .  .  “  When  we  are  J  °,Ut  flrSt  and  50  destroy 
like  antimony  or  arsenic,  are  them  ealln§’  with  metals  which, 
hand,  or  with  such  strongly  chcnticl”!^'08™?'15’  on  the  one 
the  other,  we  may  and  do  get  a^°'positlve  metals  as  sodium  on 
nietallo-metallic  salts.  Rut  the  ten°' S-  °f  at0mic  composition  or 
never,  so  far  as  I  am  aware,  lowe^th^6  of  fusion  of  these  is 
of  the  constituents:  thev  are  not  ^  lan  that  of  either  (both) 

J  c  not  eutectic.” 
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This  last  sentence  makes  it  clear  that  one  property  of  a 
eutectic,  according  to  Guthrie,  is  that  its  melting-point  mpst  be 
lower  than  that  of  the  mean  of  the  separate  constituents.  All 
the  instances  quoted  in  his  paper  illustrate  this  second  principle. 

Recognizing  that  certain  metals  may  combine  to  form 
metallo-metallic  salts,  Guthrie,  by  inductive  reasoning,  concluded 
that  in  an  alloy  such  salts  might  be  formed,  and  that  they  would 
take  the  part  of  a  free  metal  and  form  eutectic  alloys  with  one 
or  other  of  the  constituents.  He  says,  “  The  very  bodies  result¬ 
ing  from  the  chemical  union  of  the  two  metals  will  possibly 
and  probably  furnish  starting-points  of  new  series  of  eutectic 
alloys,  consisting  of  a  single  metal  on  the  one  hand  and  the 
chemical  alloy  on  the  other.” 

Professor  Guthrie  prepared  any  given  eutectic  by  melting 
the  metals  and  then  allowing  that  metal  which  happened  to  be 
in  excess  to  crystallize  or  fall  out  of  solution,  and  when  the  greater 
part  had  become  solid,  the  residual  alloy  which  still  remained 
fluid  as  a  kind  of  “  mother-liquor  ”  was  poured  off  and  allowed 
to  set.  This  crude  eutectic  was  remelted  and  allowed  to  partially 
solidify,  and  the  mother-liquor  was  again  poured  off.  The  same 
treatment  was  repeatedly  applied  until  the  mother-liquor  invaria¬ 
bly  yielded  the  same  constant  composition.  This  alloy  when  solid, 
but  for  the  contradiction  in  terms,  might  have  been  called  a  solidi¬ 
fied  mother-liquor.  Guthrie  therefore  applied  the  term  eutectic. 

A  eutectic,  then,  must  have  the  following  properties  and 
components : 

(0  A  solidifying  and  melting  point  lowrer  than  that  of  the  mean 
of  its  constituents. 

(2)  A  single  melting  and  solidifying  point. 

(3)  It  may  consist  of  two  or  more  metals  which  do  not  unite 
chemically,  or  of  a  metal  and  a  definite  chemical  compound, 
and  possibly  of  two  or  more  definite  chemical  compounds 
(Metallo-metallic  salts). 

Recent  research  has  shown  that  it  may  be  constituted  as 
follows : 

(4)  It  may  consist  of  a  mixture  of  a  solid  solution  of  one  metal 

in  another  and  a  free  metal.  _  . 

(5)  It  may  consist  of  a  metal  solid  solution  of  a  definite  chenuca 
metallo-metallic  salt,  and  that  same  metallo-metallic  salt  in 
the  free  state. 
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(6)  It  may  possibly  consist  of  two  solid  solutions. 

(7)  Is  an  exception  to  the  general  rule,  and  relates  to  the  eutectic 
pearlite  which  is  formed  in  solid  steel  when  it  cools  slowly 
from  700°  C.  to  below  400°  C.  It  is  a  solid  solution  at  700° 
C.,  but  splits  up  into  two  constituents  on  cooling. 

(8)  A  eutectic  may  contain  two  eutectics,  one  formed  at  a  solidi¬ 
fying  point,  the  other  of  pearlite  formed  on  cooling  below 
700°  C.  White  pig  iron,  free  from  phosphorus  and  high  in 
carbon,  is  an  instance  of  this. 

lhe  method  of  Guthrie  is  undoubtedly  the  best  for  making 
the  eutectic  mixtures,  but  it  necessitates  using  large  quantities 
of  the  metals.  The  second  in  value  is  that  in  which  the  metal 
is  poured  into  a  cylindrical  cast-iron  mould  lined  with  loam,  and 
after  solidification  is  nearly  complete,  it  is  compressed  by  hydrau¬ 
lic  pressure,  and  the  eutectic  squeezed  out  of  a  suitable  opening. 
t  •  ,  K°berts-Austen  has  employed  a  similar  plan  to  this, 

t  is  described  in  his  “  Fourth  Report  on  Alloys  ”  to  the  Insti¬ 
tution  of  Mechanical  Engineers,  1897. 

. .  !" Tl1' dl“y  u"der  lamination  is  placed  in  a  steel  cylinder, 
5S"  f,"f  W‘*,two  l0“e  Steel  plungers,  each  about  Va-inch 
„  '.  '  '  "  ho  e  ls. placed  between  the  jaws  of  a  hydraulic 

ta'ned  on  h^T  1  *  ,0"  s <i“«  i-ch  *  main- 

Zt  heat,  "t  °£  the  Pll,ngm'  The  cylinder  is  then 
measured  bttl,'e  ‘en'fratUre  “  an-v  moment  being 

in  the  cylinder,  af  tcerfato  deffYS  PlaC'd  “  “  h°le  drilled 
alloy  wi,l  liquefy,  and  ** 

and  the  wall  of  the  cylinder  tL  t  d  ‘  between  the  P^ngers 
the  allov  is  sufficiently  limnH  k  Cmperature  ls  n°ted  at  which 
raised,  and  a  *«£*!£?*£  ~  Th,  beat  is  then 

a rated. ^  Finally,  a  comparatively  infusihl,  ‘ “  .SOmft,n,e8  sep‘ 
several  portions  are  then  analyzed  T  b  residue.  Is  left-  These 
desirable  to  subject  the  extruded  ”  SOme  CaSCS  **  ,S  foilncI  to  be 
in  the  compressing  cylinder  ”  portlons  to  a  second  treatment 

It  was  the  hydraulic  method  I  used  in 
eutectic  from  Cleveland  iron  ?  exPressing  the  liquid 

in  1876,  and  it  is  the  best  in  cases  vvhefe  Jf'n  ^  Institution 
eutectic  is  in  presence  of  a  lar<ve  n  7  13  <Iuantit.v  of  the 

useful  in  such  cases  where  the  fUc*aSS  °  .metab  A  third  method, 
500°  C.,  and  where  onlv  small  nn  ^  ?°lnt  ot  tbe  allov  is  under 

quant,,, cs  are  available,  has  been 
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employed  with  great  advantage  in  my  laboratory  in  preparing  the 
eutectics  of  the  fusible  metals. 

The  melted  alloy  is  poured  upon  the  surface  of  a  sheet  of 
flexible  asbestos  paper.  When  the  mass  has  partially  solidified 
to  the  consistency  of  a  thick  paste,  a  second  sheet  of  asbestos 
is  placed  on  the  top  of  the  metal,  and  a  wooden  ruler  is  rolled 
over  the  plastic  mass  from  behind  ill  a  forward  direction.  The 
eutectic  is  in  this  way  squeezed  out  and  runs  as  a  fluid  drop 
in  front  of  the  ruler,  leaving  the  solid  metal  behind.  The  crude 
eutectic  so  obtained  is  remelted  and  is  again  subjected  to  the  same 
treatment.  It  is  possible  in  this  way  to  obtain  the  eutectic  from 
io  grammes  of  alloy. 

C  The  last  method  is  that  which  I  have  used  most  extensively 


in  the  preparation  of  the  eutectics  containing  two  metals.  It 
may  be  called  the  microscopic  method.  It  is  based  upon  the  char¬ 
acteristic  micro  appearance  of  nearly  all  the  eutectics,  and  on  the 
statement  of  Guthrie,  now  generally  recognized,  that  if  one  of  the 
constituent  metals  is  present  in  excess  it  wdl  first  solidify,  leaving 
the  residual  eutectic  to  solidify  at  a  lower  temperature.  1  he  metal 
which  falls  out  of  the  mother-liquor  is  clearly  seen  in  the  micro 
section  when  it  is  properly  polished  and  etched.  It  generalh  takes 

some  clearly  marked  crystalline  form. 

Having  prepared  several  mixtures  synthetically  by  melting 
the  metals  in  several  proportions,  and  allowing  them  to  solidify 
slowly,  pieces  of  each  are  cut,  polished,  etched,  and  examined. 
As  a’ rule,  it  does  not  take  more  than  ten  minutes  to  prepare  a 
specimen.  A  glance  through  the  microscope  reveals  at  once  whic 
specimen  contains  the  greatest  proportion  of  the  eutectic  and 
which  metal  is  in  excess.  Several  further  alloys  are  then  made 
approximating  to  this,  but  with  diminishing  proportions  of  the 
metal  known  to  be  in  excess.  The  resulting  mixtures  are  exam¬ 
ined,  and  probably  one  of  them  will  be  found  to  consist  of  p 
eutectic,  free  from  crystals  or  crystallites  of  either  of  the  con¬ 
stituent  metals.  A  chemical  analysis  is  then  made  to  check 


figures  svnthetically  obtained. 

It  often  happens  that  in  a  series  of  alloys  of  two  metals, 
more  than  one  eutectic  is  formed.  A  very  simple  method  of  de¬ 
tecting  these,  and  also  of  obtaining  the  complete  senes  of  alloys 
in  one  single  specimen,  has  been  used  with  most  satisfactory  re- 

suits  in  my  researches. 
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A  small  special  mould  of  fire-clay,  having  a  cavity  of  2  c.m. 
deep  and  1  c.m.  square,  is  heated  to  a  temperature  a  little  below 
the  melting-point  of  the  metal  which  is  most  infusible.  The  two 
metals  are  melted  in  separate  crucibles,  and  a  portion  of  that 
which  has  the  highest  gravity  is  poured  into  the  mould,  and  when 
the  lower  part  has  solidified  the  second  metal  is  poured  in  drop 
by  drop,  the  following  drop  being  added  when  the  metal  in  the 
mould  has  nearly  solidified  or  become  plastic.  When  the  mould 
is  filled,  a  cold  metal  plate  is  placed  on  the  top  to  hasten  solidifi¬ 
cation  of  the  last  portion  of  the  metal  added.  When  cold,  if  the 
experiment  has  been  conducted  properly,  the  one  metal  in  the 
pure  state  will  be  found  at  the  bottom  and  the  other  at  the  top. 
the  metal  between  containing  a  complete  gradation  or  series  of 
alloys.  One  side  of  the  little  ingot  is  then  polished,  etched,  and 
examined.  The  specimen  so  prepared  constitutes  a  very  perfect 
chart  or  map,  and  is  the  best  guide  to  work  from  in  making  a 
systematic  research  of  the  alloys  of  any  two  metals,  and  if  more 

than  one  eutectic  is  present  it  may  be  recognized  bv  its  charac- 
teristic  appearance. 


^  ^xa*11ple  of  what  a  eutectic  is  (not  a  metallic  eutectic) 
piesents  itself  in  common  salt  and  water  containing  23.5  per  cent 

220  c"  comnleTl  ThlS  mixture  when  cooled  to  about 

of  salt  and  !!  ;V  ” « '  ?  &t  that  temPerature,  and  a  separation 
of  salt  and  ice  is  effected  simultaneously.  Thev  do  not  how¬ 
ever,  separate  in  the  sense  that  tin*  e  n  t  „  \  ’ 

the  ice  floats  to  the  top,  but  separate  fi  t,  ^  btf°m  an,d 
then  remain  side  by  side  in  iuv  a  *  °  minute  Particles  which 

When  snow  and ' sal, ”  the  solid 
gether,  they  mutually  dissolve  each 

present  are  those  of  the  eutectic  a  lin  h  d  lf  16  ProPortlons 
on  the  Fahrenheit  scale  will  result Q  V-/  temPerature  of  o° 
rounded  by  a  still  colder  liquid  it  liqUid  iS  SlU" 

solid  eutectic  of  ice  and  salt  at  i  solldlfy  and  become  the 

Fahr.  “  or  about  70  below  zero 


big.  1  shows  the  solubility  curv*  . 

Although  cold  mixtures  of  certain  f  ‘i  ^  Water 
stance,  do  not  react  upon  each  oth  meta  s’  lead  and  tin  for  i 
intimate  mechanical  mixtures  are' temPeratures, 
of  the  least  fusible  metal,  tin,  the  mnr  (  ,the  meIt,nS  P0,i 
dissolve  in  it.  arid  the  temperature  win  ®  metal*  lead-  w 

6  WlU  fal1  with  the  continut 
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solution  of  lead,  and  will  not  cease  to  melt  and  dissolve  until  the 
solidifying  point  of  the  eutectic  is  approached.  The  eutectics 
are  not  all  of  the  same  form ;  the  following  have  been  noticed : 

( 1 )  The  curviplanal,  in  which  the  constituents  consist  of  curved 
plates  in  juxtaposition.  Examples  of  this  are  to  be  found 
in  the  alloy  of  silver  and  copper  and  in  slowly  cooled  carbon 
steels.  Fig.  2  represents  the  eutectic  of  the  latter. 

(2)  The  honeycombed  or  cellular.  A  very  common  variety,  gold 
and  lead,  bismuth  and  tin,  and  many  other  alloys  yield  eu¬ 
tectics  of  this  variety.  Fig.  3  is  that  of  the  eutectic  of  phos¬ 
phorus  and  iron. 
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(3)  The  rectiplanal,  in  which  the  two  constituents  separate  in 
flat  plates.  Silver  and  lead  eutectic  is  an  example.  Fig.  4 
represents  this. 

Many  of  the  eutectics  when  rapidly  cooled  assume  a  spheru- 
litic  structure.  The  two  constituents  commence  to  separate  and 
solidify  from  nuclei  and  grow  from  these,  yielding  a  mass  re¬ 
sembling  the  spherulitic  appearance  of  certain  minerals. 

Some  eutectics,  if  allowed  to  cool  slowly,  assume  geometric 
crystalline  forms,  which  may  be  more  or  less  completely  isolated 
by  pouring  off  the  still  fluid  metal  after  a  portion  has  solidified. 
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These  may  be  also  seen  in  the  polished  and  etched  sections  of  the 
solid  eutectics.  Lead  and  antimony  yield  spherulitic  forms  when 
rapidly  cooled,  and  occasionally  hexagonal  prisms  when  more 
slowly  solidified,  which  are  built  up  of  laminae  of  lead  and  anti¬ 
mony. 

The  eutectic  alloy  of  antimony,  lead  and  tin  exhibits  very 
fine  geometric  forms  entirely  built  up  of  separate  plates  of  a  hard 


Hg-  2-  *;utectic  al,°y  of  Iron  and  Carbon. 
Magnified  1000  diameters. 


and  soft  constituent.  The  eut^r.v  ,, 

in  cuboidal  forms  if  cooled  d,  .  f  So  d  and  leai1  crystallizes 

idly  solidified.  I11"  spherulites  if  rap- 

I  he  bismuth  and  tin  eutectir  •  i  i 

It  is  difficult  to  ascertain  whethe^th  CIyStalHne  fornlS- 
determined  by  the  crystalline  habit  JJ,  geometnc  fornis  are 
stituent.  It  is  very  probab”e  tlZ  the  f  ^  °r  the  S°ft  ^ 
factor,  but  nothing  can  be  stated  i  e-  :  rmer  ,s  the  dominating 
more  advanced.  C  e  lmtebr  until  the  research  is 
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4.  Definite  Chemical  Compounds 

Many  of  the  metals  combine  chemically  in  atomic  propor¬ 
tions.  They  also  combine  in  the  same  way  with  certain  non- 
metals.  These  are  generally  termed  definite  chemical  compounds 
—  the  metallo-metallic  salts  of  Guthrie.  The  eutectics  are  definite 
mechanical  mixtures  and  consist  of  two  or  more  separate  con¬ 
stituents  and  are  therefore  different  from  the  chemical  com¬ 
pounds,  which  are  quite  homogeneous  and  are  recognized  by  hav- 
ino-  certain  characteristics  different  from  those  of  the  elements 


Fig.  3.  Eutectic  alloy  of  Iron  and  Phosphorus.  Magnified  350  diameters. 

alloyed,  the  color,  hardness,  toughness,  brittleness,  and  crystalline 
form  being  often  quite  different.  It  often  happens  that  when  the 
metals  are  brought  together  in  the  molten  state,  great  heat  is 
evolved,  an  almost  certain  indication  of  chemical  union.  Copper 
and  zinc,  copper  and  aluminium,  iron  and  phosphorus  and  many 
other  couples  might  be  advanced  as  instances. 

Gold  and  aluminium  yield  a  purple  definite  chemical  com¬ 
pound,  lead  and  gold  two  different  chemical  compounds,  nearly 
white  in  color  and  so  brittle  that  they  can  be  crushed  readily  to 
powder,  vet  both  metals  in  the  free  state  are  exceedingly  malleable. 

Copper  and  antimony  yield  two  different  compounds,  one  of  a 
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purple  color,  the  other  a  faintly  yellow  metal,  and  both  comnounrk 
are  very  brittle. 


Aluminium  and  copper  are  comparatively  weak  metals,  one 
is  of  a  red  color,  the  other  a  neutral  gray,  yet  the  definite  chemical 
compound  is  golden  in  color,  is  harder  than  either  element  and  is 
much  stronger  and  tougher.  When  they  are  brought  together  in 
the  liquid  state  they  combine  with  an  evolution  of  heat 
Copper  and  zinc  form  several  chemical  compounds. 


l-ig-4.  Eutectic  alloy  of  silver  and  Lead  M 

Magnified  90  diameters. 


Pound.  Phosphorus  form  a  pa|e  yellow  tinted  com- 

Zinc,  with  arsenic  or  phosphorus,  forms  white  compounds. 

5.  AllOTROPIC  M0D.PtCAT.0B5  „„  .. 

CHEM‘CAL  COMPOUNDS^  “  °F  DEF,Xr" 
Bricks  of  the  samp  i  • 

fashioned  into  many  variXmctf™  hands  of  a  builder  may  be 
and  does  group  or  build  up  th ’  m  ,lke  manner  nature  can 
molecular  structures  widely  differed”/  k'ind  of  to  form 

ent  from  each  other. 
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When  such  variations  in  a  simple  substance  occur,  the  dif¬ 
ferent  forms  are  called  allotropic  modifications.  Carbon  atoms 
grouped  differently  yield  the  diamond,  graphite  and  charcoal. 
Sulphur  yields  a  yellow  and  brittle  variety  and  a  plastic  brown 
modification.  Phosphorus  yellow  and  red  allotropic  modifi¬ 


cations. 

Many  of  the  pure  metals  can  be  obtained  in  two  or  more 
states.  Iron  at  different  temperatures  can  be  obtained  in  three 
allotropic  states;  one  at  normal  temperature,  a  second  at  about 
780°,  and  a  third  at  a  temperature  above  870°  C.  Tin,  gold  and 
many  other  metals  may  exist  in  more  than  one  modification. 
Matthessen  believed  that  one  or  both  the  metals  in  binary  alloys 
were  allotropically  different  from  the  metals  before  alloying  them, 
but  it  is  by  no  means  very  easy  to  determine  whether  or  not 
such  is  really  the  case. 

Modern  research  has  shown  that  some  of  the  metals  chem¬ 
ically  combine  with  each  other  and  that  they  sometimes  form 
solid  solutions. 

This  would  lead  one  to  hesitate  in  accepting  Matthessen’s 
conclusions,  for,  if  chemical  action  intervenes,  the  atoms  of  the 
metals  must  be  reformed  into  new  groupings  and  such  reorgan 
ization  may  be  sufficient  to  alter  the  properties  of  the  metals  in 

dependently  of  the  allotropic  change. 

We  have  also  vet  to  learn  much  about  the  effect  of  one  meta 
being  dissolved  in  solid  solution  in  another. 

We  do  not  really  know  in  what  way  the  atoms  are  groupec 
solid  solutions.  , 

The  peculiar  way  in  which  some  of  them  behave  tow  a 
chemical  solvents,  might  lead  to  the  conclusion  that  the  disso  ve 
metals  or  metallic  substances  were  included  in  the  mi 


groupings. 

hor  instance  when  phosphide  of  iron  in  iron  is  in  a  re 
capable  of  being  detected  by  the  microscope,  it  is  e  1  . 

on  dissolving  the  alloy  in  dilute  acid,  but  if  it  'S  in  so 1  s 
•  «* iron,  in  the  same  acid  a  non-metallic  residue  is  left  insoluble, 
containing  much  more  phosphorous  than  the  piospn  >  ormed 
pears  to  he  a  complicated  decomposition  product,  in  a  > 
fr°m  a  compound  molecular  group  of  phosphide  of  iron  and 

at°ms  and  the  dilute  acid.  .  .  haves  in  a 

annealed  carbon  steels,  dilute  acid  likewise 
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similar  manner,  and  leaves  the  carbide  of  iron  insoluble;  but  if 
the  same  steel  is  heated  to  bright  redness  and  quenched,  the  acid 
leaves  a  hydrated  carbon  residue  free  from  carbide.  It  is  believed 
that  the  hardened  steel  contains  the  carbide  in  solid  solutions. 

It  is  quite  possible,  however,  in  both  the  cases  referred  to. 

that  the  carbide  and  phosphide  in  solid  solution  may  be  in  such 

an  attenuated  state  that  the  acid,  incapable  of  acting  upon  the 

more  massive  particles,  does  act  upon  the  finely  divided  liberated 

definite  compounds,  and  that  the  acid  test  is'  not  a  proof  that 

tiey  are  included  in  the  molecular  groupings  with  the  solvent 
iron. 

,  !S.a^S0  more  t^ian  probable  that,  when  in  solid  solution, 

mn  v {'  IT1*  compounds  are  allotropically  altered,  and  that  the 
dilute  *  aciq110  CCU  6S  ^  property  of  being  decomposed  by 

branch  ofem^/nCt*°nS£S^OW -W*lat  .a  ^ar£e  field  >s  °Pen  >n  this 
there  is  for  3  patlent  original  research  and  what  need 

formed  more  U10w  edge  before  definite  conclusions  can  be 

It  has  been  argued  by  some  authorities  that  in  certain  cases 
because  one  of  the  metal*  i;k„  a  r  mat)  m  certain  Lases> 

or  other  means  ic  .  rat^d  *rom  s°hd  alloys  by  solvents 

from  the  normal  it  is  °Vedly  111  an  allotropic  state  different 
alloys.  ’  *  18  eVldence  that  they  existed  as  such  in  the 

other  and  acid  removed  one^t?1  Um°n  in  the  allo>’s  with  each 
left  would  most  probably  be  in  the  °therS  which  were 

monatomic  molecules,  or  at  a  '  °  • otroPlc  state>  probably  in 

they  were  in  the  normal  metals  m°re  simple  ?roups  than 

that  they  were  allotropic  in  tl  '  n^  * lat  woulcl  be  no  evidence 
might  depend  for  their  exist  ^  ^  3  °7S’  ^°r  *he  allotropic  forms 
compose  the  compound  chernl",?  ^ the  agency  employed  to  de- 
The  alIo>’  of  iron  and  nickel”0 

according  to  Dr.  J.  S.  Hopkins™  r£  ng  25  per  cent  nicke1’ 

P-  23),  when  heated  to  500°  r  i'  Soc-’  VoL  XLVIII.  1890. 
lias  no  magnetic  properties  CO°^ed  either  rapidly  or  slowly 

attracted  by  a  magnet.  The  n  '  C°°^ed  below  o°  C.  it  can  be 
is  accompanied  by  an  increased  fr°m  the  n°n-magnetic  state 
tncal  resistance,  and  a~decreasc  la^dness,  a  decrease  of  elec- 
Mr.  Osmond  has  since  confirmed  8'15  t0  7'98' 
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Osmond  has  shown  that  when  a  steel  with  about  1.5  per  cent 
carbon  is  quenched  in  ice  water,  it  is  composed  of  two  constitu¬ 
ents,  martensite  and  austenite.  When  this  metal  is  immersed  for  a 
few  minutes  in  liquid  air,  its  properties  are  materially  altered. 
Its  density  is  lowered  from  7.798  to  7.692  —  or  1000  cubic  inches 
expand  to  about  1014  cubic  inches.  In  addition  to  this  its  mag¬ 
netic  permeability  and  residual  magnetism  are  increased. 

These  transformations  which  can  scarcely  be  attributed  to 
chemical  change  can  only  be  explained  by  the  assumption  that 
there  has  been  a  regrouping  of  the  atoms.  They  are  most  marked 
instances  of  allotropic  change  in  the  alloys. 

The  hardness  of  hardened  steel  has  been  attributed  to  the 
same  change  brought  about  by  the  influence  of  dissolved  carbide 
in  solid  solution.  There  seems  good  reason  to  believe  that  such 
is  the  case,  considering  that,  although  the  amount  of  the  dissolved 
hard  carbide  in  the  hardened  carbon  steel  is  under  1 5  per  cent,  the 
steel  is  actually  as  hard,  and,  according  to  some  authorities,  harder 
than  the  carbide.  That  the  iron  in  such  material  is  allotropically 
changed,  and  that  the  intense  hardness  is  a  property  of  the  modi¬ 
fied  state  of  the  iron  atoms,  appears  to  be  a  reasonable  conclusion, 
but  there  is  still  wanting  experimental  evidence  to  place  it  be¬ 
yond  all  doubt :  indeed,  we  know  very  little  of  the  molecular  con¬ 
stitution  of  metals  and  alloys,  but  as  there  is  more  and  more  in¬ 
terest  being  taken  by  the  most  highly  trained  scientific  workers, 
we  can  look  forward  with  confidence  to  the  future,  knowing  that 

in  time,  the  obscure  will  be  made  clear. 

« 

Methods  Employed  for  Studying  the  Constitution  and 
Properties  of  Alloys 

In  modern  research,  there  are  several  methods  in  use  for 
studving  the  changes  which  take  place  when  an  alloy  passes  from 
the  liquid  to  the  solid  state,  and  for  ascertaining  the  constitution 
and  properties  of  the  alloy  when  cold.  A  few  of  these  are  as  fol¬ 
lows  : 

1.  Thermal  method. 

2.  Microscopic  method. 

3.  Chemical  methods,  analytical  and  synthetical. 

x.  Mechanical  methods. 

5.  Electric  and  magnetic  methods. 
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1.  Thermal  Method  of  Examining  Alloys 

The  method  used  by  Sir  W-  Roberts-Austen  for  making  au¬ 
tographic  records  of  cooling  alloys,  etc.,  may  be  briefly  described 
as  follows: 

A  Le  Chatelier  platinum  and  platinum-rhodium  couple,  prop¬ 
el  ly  protected  by  a  sheath  of  fire-clay,  having  been  inserted  in  the 
slowly  cooling  metal,  the  thermo-electric  current  produced  is  con¬ 
veyed  by  wires  to  a  D’Arsonval  dead-beat  galvanometer,  on  the 
mirror  of  which  a  ray  of  light  is  caused  to  fall.  This  ray  is  re¬ 
flected  in  a  camera  upon  a  photographically  sensitized  glass  plate 
w  11c  i  is  caused  to  travel  either  upwards  or  downwards  by  clock 

riT  -V  VT  fl0at'  The  ray  oi  ”8'“  Ix^on, all v, 

the  plate  vertically. 

and  ^  fny  ^  PaSSed  throuSh  a11  of  its  thermal  changes 

d  the  plate  fallen  out  of  range  of  the  ray  of  light,  it  is  re¬ 
s'"  thC  ^  "  deVel°ped  bv  suitable  developing 

rate  and ^the^^H0^  ^  Plate  *S  a*ways  ma»ntained  at  a  regular 
ruled  o«  bv  lines  ,  7  *1  *  ^  The  verti-l  record  is 

utes.  The  Value  of  th^v^kd^dTsla1'011'11^  ^  SeC°ndS  °r  mi”' 
tures  having  been  previously  del  7  !"  equivalent  tempera- 
zontal  time  ordinates  at  right  a  rmined>  bnes  cutting  the  hori- 

of  *  h  ,he  resui,a,,t 

angle  of  45°  be  a  strai?ht  «ne  at  an 

be  a  curve  or  sevlrd^u'ej6'6"1'  'S  irregular>  the  resultant  will 
temperature  movement  is  arrested?8  a"d  Straight  lines-  If  thc 
line  will  be  made  as  lone-  as  C  3  to£e^ler>  a  straight  vertical 
The  record,  whcthfr 

or  a  combination  of  straight  1,W  '  7  3  Strai£ht  bne  or  a  curve 
termed  a  curve.  S  and  curves>  for  convenience  is 
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If  it  has  been  obtained  when  the  substance  under  examina¬ 
tion  is  cooling,  it  is  termed  a  cooling  curve ;  if  when  it  was  heat¬ 
ing  up,  a  heating  curve. 

It  is  usual  in  reproducing  the  records  to  turn  them  at  right 
angles  to  the  direction  they  were  taken,  so  that  the  vertical  divi¬ 
sions  give  the  time  and  the  horizontal  the  temperature. 

When  a  record  of  a  red  hot  body,  like  copper,  cooling  in  the 
air,  is  taken,  in  consequence  of  the  greater  difference  between  its 
temperature  and  that  of  its  environment  when  red  hot,  compared 
with  the  same  metal  when  it  is  approaching  the  temperature  of 


the  surrounding  air,  the  cooling  curve  is  steep  at  first  and  grad¬ 
ually  becomes  less  so,  and  more  nearly  approaches  a  horizontal 
position  as  it  cools,  as  shown  in  Fig.  5. 

If  pure  liquid  antimony  at  8oo°  C.  is  tested  by  this  method, 
the  curve  will  commence  by  making  a  rapid  descent  at  first  until 
the  temperature  falls  to  the  solidifying  point  of  antimony  (632° 
C.),  but  as  soon  as  it  is  reached,  the  metal  begins  to  solidify  and 
in  doing  so  gives  out  its  latent  heat  of  fusion,  and,  until  it  is  all 
quite  solid,  it  remains  at  that  temperature,  and  the  curve  at  the 
change  turns  abruptly  and  travels  in  a  horizontal  direction. 
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When  the  metal  is  quite  solid,  it  then  takes  the  same  course  as  it 
does  when  the  red-hot  copper  cools.  (See  Fig.  6.) 

When  an  alloy  of  equal  parts  of  lead  and  antimony  is  al¬ 
lowed  to  solidify  the  cooling  curve  is  very  different.  Antimony 
in  the  proportion  of  about  13  per  cent  and  lead  87  per  cent  is  a 
eutectic  mixture,  and  this  solidifies  at  2470  C.  Pure  lead  has 
a  melting  point  of  325 0  C.  Antimony  one  of  632°  C.  The  mix¬ 
ture  of  equal  parts  of  each  metal  contains  57.5  per  cent  of  the 
eutectic  and  42.5  per  cent  antimony.  In  cooling,  this  42.5  per 
cent  antimony  will  solidify  completely  before  the  57.5  per  cent 


eutectic  can  begin  to  freeze,  but  its  solvent  power  for  antimony 

tPeTnettn7-  f  K  out'of  solution  till  the 

point  at  whfch'it  do  t°W  thC  mClting  P0int  of  antimony.  The 

when  the  mean  of  the  mekinVpo' -T  °!  S°luti°n  is  approximately 

reached.  This  being  so.  the  "first  nort  ^  * 

in  our  so  ner  crnf-  niu  1  4  Portl0n  of  excess  of  antimony 

of  the  melting  points  of '^Tpe,  “'“"T  “ 

of  the  eutectic,  or  about  409°  Q  ‘mom  and  57.5  per  cent 
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The  curve  yielded  on  the  recording  pyrometer  is  shown  in 

Fig.  7. 

It  will  be  noticed  that  the  first  deviation,  from  the  type  of 
the  symmetrical  normal  curve  of  cooling  solid  copper  is  not  ab¬ 
rupt,  but  is  rounded  at  the  top,  and,  after  the  first  arrest,  the 
curve  does  not  return  to  the  normal  track  as  it  does  after  a  pure 
metal  completely  solidifies.  This  is  easily  explained.  The  first 
part  only  of  the  excess  of  metal  antimony  falls  out  of  solution 
at  A,  the  remainder  solidifies  continuously  between  the  points  A 
and  B,  and  it  is  not  till  the  temperature  falls  to  B  that  the  whole 
of  it  is  out  of  solution.  Heat,  therefore,  must  be  evolved  over  the 
period  represented  by  the  distance  between  A  and  B,  hence  the 
peculiarity  of  the  curve. 

When  all  the  excess  of  antimony  has  fallen  out,  then  the 
eutectic  begins  to  freeze  and  during  its  solidification  the  tempera¬ 
ture  remains  constant  and  yields  a  horizontal  line.  When  solid 
the  curve  assumes  its  normal  course.  I  have  arranged  a  model 
of  Sir  W.  Roberts-Austen’s  recording  pyrometer  on  a  large  scale. 
It  is  on  the  platform  before  you.  On  one  side  of  the  room  is  the 
pyrometer  with  the  reflecting  galvanometer,  which  is  throwing 
a  beam  of  light  on  a  screen,  42  inches  square,  on  the  other  side 
of  the  room.  The  screen  is  covered  with  white  drawing  paper, 
and  takes  the  place  of  the  sensitized  plate  in  the  camera,  and  is 
arranged  so  that  it  can  be  made  to  rise  and  fall  by  a  clock,  the 
speed  of  which  is  regulated  by  an  air  brake.  A  horizontal  bar 
is  fixed  between  the  screen  guides.  A  pen  charged  with  ink  is 
fixed  in  a  saddle,  and  this  can  be  moved  across  the  face  of  the 
screen  on  the  horizontal  bar.  When  the  screen  is  stationary  and 
the  saddle  is  moved  across  its  face,  a  plain  horizontal  line  is 
marked  upon  it.  When  the  saddle  is  still,  and  the  screen  moves, 
a  vertical  line  is  the  result.  At  this  moment  the  spot  or  band  of 
light  rests  stationary  on  the  right  hand  of  the  screen.  It  repre¬ 
sents  the  temperature  of  molten  lead  at  about  400°  C.,  for  the 
thermo  couple  is  placed  in  a  crucible  containing  lead  maintained 
at  that  temperature  by  a  gas  jet  placed  below  it.  I  now  turn 
out  the  gas  so  as  to  allow  the  lead  to  cool  and  solidify,  and  at 
the  same  time  start  the  clock.  You  will  see  at  once  that  the  spot 
of  light  is  moving  to  the  left,  and  as  it  is  incapable  of  tracing  its 
own  track,  I  draw  the  saddle  with  the  ink  style  attached  along 
the  horizontal  bar,  always  keeping  the  pen  on  the  spot  of  light. 
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As  both  the  screen  and  the  light  are  moving,  the  ink  makes 
a  slightly  curved  line,  diagonal  in  direction.  Now  the  spot  of 
light  has  ceased  to  move  the  lead  is  beginning  to  solidify.  It  re¬ 
mains  stationary  for  about  thirty  seconds,  and  then  begins  to 
move,  indicating  that  the  whole  of  the  lead  has  become  solid,  and 
the  movement  continues  until  the  light  has  passed  off  the  sheet 
altogether.  The  ink  record,*  you  will  see,  clearly  indicates  the 
great  thermal  arrest.  The  curve  traced  resembles  that  shown  in 
diagram  No.  3. 

It  is  quite  immaterial  whether  the  track  of  the  curve  is  from 
the  right  or  the  left.  It  is,  however,  generally  drawn  from  the 
left  hand  side  falling  towards  the  right,  as  is  shown. 


The  complete  equilibrium  curve  showing'  the  arrests  of  a 
bei  ies  of  two  or  more  metals  is  constructed  by  plotting  the  arrests 
on  a  chart  in  which  composition  and  temperature  are  coordi¬ 
nates,  the  vertical  lines  representing  temperatures,  the  horizontal 
spaces  composition.  The  base  horizontal  line  is  divided  into 
equal  spaces  corresponding  to  the  proportion  of  metals  present ; 
t  io  lines,  vertical  to  the  base,  are  divided  into  equal  spaces  of 
temperature.  Ha\  ing  obtained  a  complete  set  of  time-temperature 
lecorc  s  ot  many  different  mixtures  of  the  two  metals,  ranging 
rom  100  per  cent  of  one  metal  to  100  per  cent  of  the  other,  the 
emperature  arrests  are  marked  off  on  vertical  lines  drawn  from 
ie  points  on  the  base  line  corresponding  to  the  composition  of 
O"  S'  Lines  are  then  drawn  through  the  several  records 

dr^thro^h  rt  ?°intS  °f  firSt  arrest.  *"d  a  second  line  is 
S  rPOmtS  ?f  second  ^st.  H  there  is  a  scries 

U  in  thi^r  comped5  a"'"  ",r0Ugh  als°'  The 

c„rveTabve  “T  ?d  Si'Ver'  a  careW'v  determined 

bridge Mixtures  ^  ^  <*"- 

tals  Save  the  following*  arrests 
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Silver  per  cent 

0.00 

12.99 

18.39 

28.60 

37-64 

42.03 

58.51 

61.71 

71.90 

76.4 

82.1 

85-9 

89-5 

96.48 

100.00 


Copper  per  cent 

100.00 

87.OI 

8l.6l 

71.40 

62.36 

57-97 

41.49 

38.29 

28.10 

23.6 

17-9 

14.1 

X0.5 

3-52 

0.00' 


First  freezing 
point  °C. 

1081.5 

1019.6 

996.5 
953*5 
9174  ' 

900.2 

837.2 

823.7 

778.6 
797 

825 

847 

870 

926.1 

960.0 
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Second  freezing 
point  °C. 


778.4 

778.6 

778.2 

778.6 


The  curve  constructed  from  these  figures  is  given  in  Fig.  8. 
The  curve  method  also  throws  light  upon  the  allotropic 
changes,  which  occur  when  the  change  of  state  is  accompanied 

bv  an  absorption  or  evolution  of  heat. 

In  the  proceedings  of  this  institution  in  February,  1900,  I 
explained  the  methods  of  polishing  and  microscopically  examin¬ 
ing  metals;  it  is  not  necessary  to  repeat  them  now,  and  there¬ 
fore  I  refer  you  to  that  paper. 

There  are,  however,  some  points  of  interest  in  micrographic 
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technology,  which  should  be  referred  to  here.  The  first  is  a 
method  of  preparing  suitable  bright  and  smooth  surfaces  of  the 
more  fusible  metals  without  the  necessity  of  polishing  them 
This  consists  in  casting  them  on  glass  or  polished  steel,  a  method 
used  by  Prof.  Ewing  and  Mr.  Rosenhain,  and  described  by  them 
in  a  paper  on  the  crystalline  structure  of  metals  before  the  Roval 
Society.  Philosophical  Transactions,  Series  A,  Vol.  193,  paae 
354-* *  ’  * 

The  smooth  polished  surface  of  glass  or  steel  leaves  a  simi¬ 
lar  surface  on  the  metals  cast  on  them. 

It  is  important  that  the  glass -should  be  heated  to  approxi¬ 
mately  the  same  temperature  as  the  molten  metal  poured  upon 
it,  otherwise  it  will  fly  to  pieces. 

More  recently,  Mr.  H.  J.  Hanover,  of  Copenhagen,  has  de¬ 
scribed  m  the  Bulletin  de  la  Societe  d’ Encouragement  pour  I’lndus- 

rU /  atl0’,a^e’  I900>  210-21 1, f  a  method  of  preparing  similar 

sur  aces  \  casting  on  sheets  of  mica.  A  conical  shaped  mould 
of  charcoal  is  placed  with  its  base  on  heated  mica  and  the  alloy 

of"°  n6  m°Uld,  fr°m  the  t0p‘  The  result  in  the  case 
of  the  lead-tin  alloys  is  claimed  to  be  o-00d 

havWrca^Tlead  aU°yS  thC  Pr°"ess’is  modified.  After 
sium  and  when^t/  n”  miC  *  1S  covered  with  cyanide  of  potas- 

obtai'ned  by  heating  the^suTface^hh^h^fr^6  ^  *  COnditi°n 

second  piece  of  mica,  previously  *  W  °f  *  bl°W'p,pe’  a 

metal  and  allowed  to  remain  until  it  has’  set^Tb^  T  ^ 
upper  surface  which  after  washing  •  V ™  *  g°°C 

etched  and  examined  microscopy  *  polishin^-  be 

long  been  used  in  my  labomtol-v^th  ? if UtCCti.CS  in  aIlo-vs  has 
It  is  one  which  must  take  a  '•  V1  1  11?bl.y  satisfactory  results, 
work.  Its  value  has  been  inH  nmar-v  Position  in  metallographic 
H.  u  Chatelier,  by  Professor 

d  Encouragement  pour  V  Induct,  •  10  tbe  bulletin  de  la  Societ c 

The  system  of  superimposing  two  Hn^  ^  3°’  I9°°4 
the  rate  of  diffusion  of  one  metal  ■  ,  1(p,ld  metals  to  determine 

_ _ ^  e,al,mo other  is  now  well  k„o,v„ 

*  TJ!e  Mctall°graphist,  Vol  ITT 
+  The  MctalloBrapl,ist  Vnl  T\ ?'  page  94‘ 

f  The  Metallographist  Vol  tv’  Page  29‘ 

J  01-  lv>  page  1. 
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bv  the  publication  of  Sir  W.  Roberts-Austen’s  classical  researches 
before  the  Royal  Society,  but  the  micro-examination  of  the  com¬ 
plete  graded  series  of  solid  alloys  made  by  the  method,  for  the 
object  of  detecting  the  various  constituents,  had  not,  so  far  as  I 
know,  been  referred  to  in  any  lecture  or  public  work  previous  to 
1898,  when  I  explained  it  to  the  Newcastle  Section  of  the  Society 
of  Chemical  Industry,  and  gave  preliminary  examples  of  its 

value.  x 

It  was  also  described  in  my  paper  on  Iron  and  Phosphorus, 
read  before  the  Iron  and  Steel  Institute  at  Paris,  September  18, 
1900.* 

Very  many  of  the  alloys  which  contain  a  fusible  metal,  al¬ 
though  they  can  be  obtained  in  a  complete  series  by  the  super¬ 
imposing  method,  require  different  treatment  in  different  parts 
to  develop  the  structure :  for  instance,  the  alloys  of  copper-tin 
and  copper-zinc,  two  of  the  most  important  series  of  any,  contain 
copper  with  small  quantity  of  zinc  or  tin  at  one  end  and  fusible 
metals  at  the  other,  and  the  structure  of  the  high  copper  alloys 
are  best  developed  by  heating  so  as  to  yield  oxidation  tints,  but 
heating  the  complete  series  causes  the  zinc  or  tin  to  melt  and  ex¬ 
trude  from  the  polished  surfaces.  It  is  necessary  in  such  cases 
to  make  two  or  more  series  commencing  with  copper  at  one  end 
and  the  alloy  with  about  40  per  cent  copper  at  the  other,  a  second 
with  about  40  per  cent  copper  at  one  end  and  about  25  per  cent 
at  the  other,  and  so  on.  In  this  way,  several  gradated  series  are 
formed,  each  set  of  which  can  have  its  structure  developed  by  the 
same  treatment. 

In  this  wav,  in  the  zinc-copper  series,  which  I  have  long  been 
studying,  the  structures  in  the  sections  change  more  gradually, 
and  it  is  easier  to  study  them  than  when  all  are  contracted  into 

one  piece. 

The  relation  between  a  short  and  extended  spectrum  in  spec¬ 
troscopic  work,  and  a  short  and  extended  gradation  sample  in 

the  alloys,  is  strictly  comparable. 

examining  microscopically  any  series,  the  object  which 
should  always  be  aimed  at  is  to  correlate  structure  and  compo¬ 
sition.  ... 

Each  specimen  is  marked  at  various  points,  photographs 


*  The  M etallographist,  Vol.  IV,  page  89. 
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taken,  and  by  means  of  a  hard  hack  saw  the  section  is  sawn  at 
the  points  marked,  and  the  metallic  sawdust  is  carefully  analyzed 
after  removing  any  broken  saw  teeth,  which  may  be  present,  with 
a  magnet. 

Having  thus  obtained  structure  and  composition,  a  series  of 
corresponding  alloys  may  be  made  synthetically  and  the  thermal 
and  other  properties  determined. 

Mr.  Charpy  and  Professor  H.  Le  Chatelier  have  recently 
stated  that  alumina  prepared  by  calcining  ammonia  alum  is  a 
first-rate  material  for  polishing  metals.  The  diamondine  powder 
made  in  Switzerland,  and  used  by  many  jewellers  for  polishing 
steel,  consists  of  pure  alumina  and  is  what  I  have  used  since 
1894,  and  all  the  sets  of  apparatus,  which  have  been  supplied  by 
Messrs.  Carling  for  polishing  metals,  includes  a  small  bottle  of  it. 
It  is  satisfactory  to  have  the  independent  testimony  of  two  high 

rench  authorities  of  the  value  of  the  substance  I  have  recom- 
mended  for  years. 


If  one  part  of  a  micro-section  wears  awav  more  rapidly  in 

polishing;  than  another,  that  alone  is  proof  of  the  existence  of 

eas  two  parts  of  varying  softness.  When  one  constituent  or 

•10re  iS  ,e“  'je  ief  Jyv  either  Polishing  or  etching,  and  the  light 

ed^es  of  lb  °”  S,UrfaCC’  at  “  anSle  with  it,  the  sides  or 

tube  and  rt  “  reflect  the  up  the  microscope 

tube,  and  they  only  appear  to  be  illuminated. 

the  incident6™^110  of  the  surface,  none  of 

then  appears  to  be  perfect  ^  °bjCCt 

or  corroded ? exeentirT  darkens’  or  is  more  rapidly  etched 

curs  between  the  con^thue^  action  oc' 

heated  in  air  or  another  gas  mrm>  ?f  C°  °r  t,nts  0,1  beinS 

^  PWhcn  a2  Variati°°  ^  tl,e<:0^‘X„yftthanaCer  Par'5’  “ 
in  the  coloringorMr'rwion  tainy  °WS 

tain  proof  of  the  presence  of  a  solid  solution  of §  ^ 

in  another,  in  which  the  solution  is  not  , ,  f  °nC  COnstltuent 
Certain  alloys  of  silver  and  copper^am  thr°Ughout 
copper  and  tin,  etc.,  are  notable  instances  of  and  copper' 

solutions.  CeS  of  such  ^regular  solid 

When  eutectics  are  present  in  hrov. 

m  laige  proportion  in  alloys, 
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polishing  with  <?r  without  etching,  as  a  rule  with  unaided  vision, 
they  appear  to  be  beautifully  colored,  and  resemble  mother  of 
pearl  or  opal. 

When  such  opalescent  tints  are  noticed,  it  may  be  taken  as 
strong  evidence,  but  not  absolute  proof,  of  the  presence  of  a 
eutectic.  In  some  cases,  the  laminae,  of  which  most  of  the  crys¬ 
talline  metals  are  built,  on  etching  strongly,  sometimes  are  acted 
upon  irregularly,  the  alternate  edges  being  left  more  or  less  in 
relief.  This  gives  rise  to  an  interference  of  light,  and  gives  a 
chromatic  appearance. 

Homogeneous  metals,  however,  on  polishing  by  Osmond's 
method,  never  yield  iridescent  tints,  whilst  almost  always,  if 
not  invariably,  eutectics  do  so. 

Many  metallographists  ascertain  the  relative  hardness  of  the 
various  constituents  revealed  by  the  microscope  by  the  simple 
process  of  drawing  the  point  of  a  hard  sewing  needle  across  the 
surface  of  the  section,  and  then  examining  the  scratch.  Where 
the  indication  or  furrow  is  deepest,  that  part  may  be  regarded 
as  the  softest;  where  the  needle  has  not  sunk  so  deep,  it  is  con-, 
sidered  to  be  harder. 

3.  The  Chemical  Method 

(a)  The  Analytical  Method.  —  In  many  cases,  it  is  possible, 
as  has  been  before  shown,  to  separate  the  constituents  present  by 
chemical  solvents,  and.  having  obtained  them  in  an  isolated  state, 
to  make  chemical  analyses.  In  this  way  their  composition  is 
determined. 

Dilute  acetic  acid  has  been  used  by  Mr.  Saville  Shaw  and 
myself  for  separating  the  free  lead  from  alloys  of  that  metal  and 
silver,  by  Mr.  Shaw,  and  from  gold  in  my  researches.  The  action 
is  extremely  slow,  and  must  be  continued  for  weeks,  and  some¬ 
times  for  months,  before  the  lead  is  perfectly  removed. 

Dilute  nitric  acid  is  useful  in  some  cases.  Concentrated  nitric 
acid  does  not  act  upon  one  of  the  definite  compounds  of  lead  and 
gold,  which  is  by  this  means  isolated. 

Nitro-hydrochloric  acid  rapidly  dissolves  free  tri-ferric  phos¬ 
phide,  but  has  less  action  on  the  di-ferric  phosphide.  They  can 
he  separated  by  means  of  that  reagent. 

Hydrochloric  acid  diluted  with  water  removes  the  free  tin 
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from  tin-antimonv  alloys  leaving  insoluble  the  tin-antimony  com¬ 
pounds.  It  also  removes  tin  from  the  alloys  of  tin  and  phos¬ 
phorus,  and  tin  and  arsenic,  leaving  the  definite  chemical  metallic 
compounds  insoluble. 

Cyanide  of  potassium  dissolves  the  free  gold  from  lead-gold 
alloys  rich  in  gold. 

Many  more  instances  might  be  given,  but  the  above  will  be 
sufficient  to  show  generally  the  system  of  analytical  separation 
of  the  constituents. 

(b)  The  Synthetical  Method.  —  Definite  compounds,  such 
as  the  purple  compound  of  aluminium  and  gold,  discovered  bv  Sir 
W .  Roberts- Austen,  and  some  of  the  copper-aluminium  com¬ 
pounds  and  many  other  definite  compounds,  which  do  not  suffer 
decomposition  when  they  are  melted,  may  have  their  composition 
determined  synthetically  with  the  assistance  of  the  microscope. 
This  is  effected  by  melting  the  metals  in  definite  proportions,  and 
noting  whether  the  structure  of  the  mixture  at  any  given  point 
ponUb  is  homogeneous.  When  homogeneous  compounds  are 
pro  uce  and  the  metals  are  present  in  simple  atomic  proportions, 

ItllTi that  th6y  are  definite  chemical  compounds. 
1“  'T* ' ,ha* ther'  are  «“**»»  to  rule,  for  i, 

orymLs^dXr^Zd:lutions  of  meta,s  and  meta,s’ 

atomic  proportions.  ,e,  no,  be  chticTcoCunds  meta'S 
4-  Mechanical  Compounds 

to  crushing  strains’  allo>'s  a,Kl  resistance 

are  useful  in  assisting  to  a  corrtw  *  ,ther  correlated  properties 
stitution  of  alloys.  conclusion  regarding  the  con- 

As  the  methods  of  testing  are  so  , 
is  not  necessary  to  refer  to  them  ^  kn°wn  to  engineers,  it 

5.  *»  m«netic  Methods 

ihe  difference  in  electrical  c 

properties  of  some  alloys,  before  a  h  fUCt,vity  and  the  magnetic 
ment,  lead  to  the  conclusion  that”  a/er  Var*adons  in  heat  treat- 
a  reorganization  of  the  molecule  *  treatment  has  influenced 

ar  Stract«™.  With  the  production 
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of  allotropic  modifications.  Slight  traces  of  one  metal  alloyed 
with  another  generally  alters  the  electric  conductivity,  and  when 
present  in  large  quantities  profoundly  affect  its  electrical  prop¬ 
erties. 

Students  should  study  the  works  of  Matthessen,  M.  Le  Chate- 
lier,  Osmond,  Burrett,  and  others,  that  they  may  understand  the 
value  of  electrical  and  magnetic  methods  of  testing  alloys. 

Classification  of  Binary  Alloys 

Mr.  H.  Le  Chatelier  ( The  Metallographist,  Vol.  I,  No.  2, 
pages  94-5)  has  grouped  the  various  binary  alloys  according  to 
the  character  of  their  curves  of  fusibility  into  three  main  classes. 


Fig.  9.  Ingot  metal  containing  about  S  per  cent  phosphorus.  1  he  broad  light 
parts  are  crystallites  of  the  metal  containing  about  1.7  per  cent 
phosphorus.  The  white  mottled  ground  mass  is  the 
eutectic  containing  10.2  per  cent  phosphorus. 

Magnified  250  diameters. 

<  1 )  Two  branches  of  curves  starting  from  the  melting  points 
of  the  pure  metals  and  meeting  at  a  point  corresponding  to  the 
eutectic  alloy ;  this  curve  is  obtained  when  the  two  metals  form 
neither  definite  combinations  nor  isomorphous  mixtures.  Exam¬ 
ples  are  yielded  by  alloys  of  antimony  and  lead,  copper  and  silver. 
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In  the  alloys  of  this  class,  one  metal  falls  out  of  solution  on 
the  first;  the  other  on  the  second  branch;  the  eutectic  solidifies 
where  the  two  branches  meet. 

1'he  photos  of  the  alloys  of  iron  and  phosphorus,  copper 
and  antimony,  show  the  structures  of  the  solid  alloys  at  the  points 
where  the  two  branches  meet  and  on  each  side  of  the  junction. 

Fig.  3  is  the  eutectic  of  iron  and  phosphorus.  On  the  iron 


rig.  ro.  Ingot  containing  ,,.IO  per 
phorus  and  88.9  per  cent  iron,  showing  crystals  of 
e3l  embedded  in  a  ground  mass  of  the  eutectic. 
-Magnified  60  diameters. 


ig-  11.  Ingot  metal  with  1.8  per  cent  phosphorus,  I 
owing  portions  of  three  contiguous  grains  sur- 
rounded  by  a  cellular  envelope  of  Fesr  with  a  little 

°  the  e,Uectic  at  the  part  where  the  three  grains  I 
meet.  Magnified  350  diameters. 


branch,  crystallites  of  iron  .  . 

in  solid  solution,  embedded  in  Ti?  ^  a  llttle  Phosphide  of  i 
•  ig.  9.  On  the  phosphide  of  iron1*!  eUte^rt‘c  be  noticed 
ot  iron  appear  also  embedded  in  ,1  anch>  crystals  of  phosph 
represents  grains  of  the  solid  sn,  «>).  Fig. 

eutectic.  solution  surrounded  with 

The  freezing  or  cooling  nointc  r  • 
taming  between  o  per  cent  and  ifi  'r°n  an<^  Phosphorus  c< 
though  they  have  not  yet  been  ,akenT  °'  Ph°»Phorus. 
Seml,le  those  ot  coppor,  silvei.  amiln4>^^,^«»nner, 
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\s  the  phosphorus  is  increased,  the  first  freezing  point  is 
steadily  lowered  until  the  eutectic  point  is  reached ;  afterward 
the  point  of  solidification  is  raised,  till  the  compound  is  composed 
entirely  of  phosphide  of  iron  Fe2P. 


«o  ner  cent.  Fig.  1 5.  Copper  30  per  cent,  antimony  70  per  cent. 

•  14.  Copper  20  per  cent,  antimony  1  Magnified  ioo  diameters. 

Magnified  ioo  diameters. 

,  wnhide  of  iron  and  iron  up  to  that  point  are 
The  aUoys  of  Pi  P|  d  of  the  first  class  of 

strictly  comparable  wiui 

'  Chat^";  I2  to  ,s  illustrate  the  eutectic  and  the  alloys  on  each 


Fig.  12.  Eutectic  alloy  of  copper  24.2  per  cent 
and  antimony  75.8  per  cent.  Magnified.  1 00  diam. 
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side  of  it.  one  containing  antimony,  and  the  other  the  purple  defi¬ 
nite  compound  of  antimony  and  copper,  both  embedded  in  the 
eutectic. 


per  Per  Cent  and  51-5°  of  cop- 

ture  of  binary  alloy' of  “he  fi  T I  X’  a"d  °f  their  micro-struc- 
o  per  cent  to  ioo  per  cent  on  ^  bUt  the  whole  series  from 

of  Chatelier.  Pper  reall-v  belongs  to  the  second  class 


The  white  crystals  in  Furs  T  _ 

band  in  Fig.  i5  is  a  crystallite  of  the  antimon-v’  the  dark 

F.ff.  12  is  the  eutectic  with  °  detlnite  compound  SbCu.. 

n  24.2  per  cent  Sb 
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(2)  Three  branches  of  curves,  two  of  them  starting  from  the 
melting  points  of  the  pure  metals,  and  a  third  exhibiting  a  maxi¬ 
mum,  and  crossing  the  former  two  in  two  points  corresponding 
to  two  eutectic  alloys ;  it  is  the  case  of  two  metals  forming  a  defi¬ 
nite  combination.  Examples  are  given  by  the  alloys,  gold  and 
aluminium,  copper  and  antimony.  (Fig.  16.) 

(3)  The  curve  of  fusibility  is  continuous,  and  unites  the 
melting  points  of  the  two  metals ;  it  is  the  case  of  two  metals 
forming  isomorphous  mixtures.  Examples  are  yielded  by  alloys 
of  gold  and  silver,  and  antimony  and  bismuth.  (Fig.  17.) 

Although  the  approximate  cooling  curves  of  the  alloys  of 
classes  2  and  3  are  given,  it  is  not  intended  to  describe  them  fur¬ 
ther  in  this  lecture. 

It  is  highly  probable  that  as  knowledge  is  extended,  the  curve 
method  of  research  will  enable  many  more  classes  to  be  intro¬ 
duced.  Although  much  has  been  learned  in  recent  years,  there  is 
yet  much  more  to  learn  before  a  systematic  classification  can  be 
safely  attempted. 


Alloy  Charts  for  Representing  the  Structural,  Constitutional 
and  Physical  Properties  of  Alloys 

Fig.  18  is  a  chart  from  which  the  constitutional  composition, 
the  melting  points,  and  the  micro-structure  of  all  the  lead  anti 
mony  alloys  can  be  seen  at  a  glance.  The  upper  part  of  the  dia 
gram  shows  the  proportion  of  the  antimony  and  eutectic  on  one 
side,  and  the  lead  and  eutectic  on  the  other.  Composition  and 
percentage  are  coordinates.  This  system,  diagrammatica  > 
showing  the  constitution  of  alloys,  I  have  long  used  in  mj  ec 
tures.  (It  has  been  independently  recommended  by  Mr.  Albert 
Sauveur  of  Boston,  editor  of  The  Metallographist.) 

For  instance,  if  it  is  desired  to  know  the  constitution,  etc., 
of  say,  an  allov  of  50  per  cent  lead  and  50  per  cent  antimom ,  tiace 
a  vertical  line  through  the  chart  from  the  horizontal  composition 
line  where  it  is  marked  5°  Per  cent  lea(F  W  here  this  line  cuts 
the  cooling  curve,  draw  a  line  at  right  angles  to  it,  till  it  J°ins 
the  temperature  scale.  The  degrees  of  heat  at  which  the  a  oys 
begin  to  solidify  will  thus  be  found.  Where  the  vertical  line  cuts 
the  triangle  on  the  upper  chart,  draw  also  a  line  at  right  ang  es>, 
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till  it  joins  the  percentage  columns.  The  proportion  of  eutectic 
and  antimony  will  be  given  on  the  scales,  the  former  at  the  right, 
the  latter  on  the  left. 

Alloys  or  Antimony  AND  Lead. 


iOO 


Fig.  i 8. 

Where  the  vertical  line  cuts  the  1 
approximately  the  microstructure  f  dlagram>  represents 

cent  alloy.  The  particulars  are  as  foil  ^  5°  pCr  Cent  by  50  per 
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The  chart  should  also  have  another  diagram  showing  the 
mechanical  properties,  but  as  I  have  not  got  the  data,  I  cannot 
append  it. 

If  future  metallurgical  works  on  alloys  were  to  be  provided 
with  charts  similar  to  what  have  been  described,  they  would 
greatly  simplify  the  work  of  the  student. 

Fig.  19  gives  similar  information  regarding  some  of  the  iron 
and  phosphorous  metallic  alloys. 

The  cooling  curve  in  this  case  is  approximate,  and  is  only 
meant  to  indicate  generally  that  the  melting  point  falls  with  each 
addition  of  phosphorus  till  the  eutectic  point  is  reached  about 
980°  C.,  and  then  rises  as  the  phosphorus  is  further  increased. 

Arrangements  are  in  course  for  the  accurate  determination  of 
the  various  melting  points. 

Much  of  the  data  of  this  lecture  is  the  result  of  the  researches 


of  Mr.  Osmond,  Mr.  Le  Chatelier,  Mr.  Charpy,  Sir  W.  Roberts- 
Austen,  Messrs.  Heycock  and  Neville,  Dr.  Stansfield,  Mr.  Saville 
Shaw,  and  others. 

To  the  student  of  metallurgy  I  would  give  the  advice  that  the 
published  writings  of  these  gentlemen  should  be  carefully  perused. 

The  only  periodical  published  which  is  confined  exclusively 
to  this  branch  of  modern  research  is  The  Metallographist .  edited 
In  Albert  Sauveur,  of  Boston,  U.  S.  A.,  and  if  the  original  papers 
ot  the  gentlemen  above  named  are  not  available  and  beyond  reach, 
that  periodical  should  be  obtained,  for  it  gives  excellent  abstracts 
and  reviews  of  the  most  recent  metallographic  researches, 
r  °'i  ,0°  '  PuU’slied  'n  the  English  language,  so  far  as 

I  know,  winch  contains  descriptions  of  the  methods  of  modern 
research  in  alloys  »  that  of  Sir  W.  Roberts-Ansten.  viz.,  “  Intro- 
duct, on  o  the  Study  of  Metallurgy,”  a  work  which  should  be  in 
the  hands  of  every  metallurgical  student. 
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THE  NOMENCLATURE  OF  METALLOGRAPHY* 

IN  view  of  the  fact  that,  with  the  development  of  metallog- 
1  raphy,  the  nomenclature  is  becoming  more  and  more  in¬ 
volved,  the  Council  of  the  Iron  and  Steel  Institute,  at  the  instiga¬ 
tion  of  Mr.  J.  E.  Stead,  appointed  a  Committee  consisting  of  Mr. 
William  Whitwell,  President  (chairman),  Mr.  F.  W.  Harbord 
(Englefield  Green),  Mr.  E.  Heyn  (Charlottenburg),  Mr.  T.  W. 
Hogg  (Newburn),  Professor  H.  M.  Howe  (New  York)  Baron 
H.  von  Jiiptner  (Donawitz,  Austria),  Professor  H.  Le  Chate her 
(Paris),  Professor  A.  Martens  (Charlottenburg),  Mr.  Walter 
Rosenhain  (Birmingham),  Professor  Albert  Sauveur  (Boston), 
Mr  E.  H.  Saniter  (Middlesbrough),  Dr.  A.  Stansiield  (-  on- 
treal),  Mr.  J.  E.  Stead  (Middlesbrough),  and  Mr.  Bennett  H. 
Brough,  Secretary,  to  consider  the  matter  and  to  ascertain 
whether  it  would  be  possible  to  take  steps  to  make  the  terminology 

less  complicated  and  more  precise.  ,  . ,  , 

The  Committee  has  not  met  yctj  but  it  has  been  <  eci  c 
to  draw  up  a  glossary,  in  the  hope  that  it  will  tend  to  promote  he 
unification  of  terms,  the  simplification  of  those  used,  and  he 
elimination  of  many  of  them.  It  is  hoped,  too  that  the  glossy 
may  be  improved,  before  final  publication  in  t  e  ourn 
Iron  and  Steel  Institute,  by  suggestions  from  members  in  e  e 
in  the  matter.  Such  suggestions,  whether  additions  t. 
better  definitions,  are  earnestly  invited  by  the  C  omm. ntee. 

As  far  as  possible,  the  exact  equivalents  m  French  and  Ger 
man  will  be  added.  This  addition  will,  it  is  hoped  j*0'* milfennl 
value  to  those  who  are  in  the  habit  of  consulting  Co"‘.nenm 
•  t-u*  .'vrio-inal  It  will  at  the  same  time  be  ot  assist 

memoirs  in  ^  fhe  ereat  International  Technical  Lexicon, 

ance  to  the  editor  of  he  gr  a  £  ^  ^  cost  of  the 

now  being  a  society  which,  with  its  roll  of 

Society  of  German  tng  society  in  the  world. 

VwroT^ltsSi  undertaken  to  cooperate  as  far 
Js’^let  tblrgrea,  work,  and  it  is  thought  that  in  drawing 

J  s7nce"fe  was  wnlT^SmiueThas  held  two  meetings. 
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up  an  authoritative  glossary  of  the  most  recent  branch  of  the 
metallurgy  of  iron,  the  Iron  and  Steel  Institute  will  be  rendering 
valuable  aid.  & 


Based  upon  the  microscopic  examination  of  thin  sections  of 
minerals  and  rocks,  observations  were  recorded  in  1858  by  Dr 
H.  C.  Sorby,  member  of  the  Iron  and  Steel  Institute,  in  a  paper  on 
the  microscopic  structure  of  crystals,  indicating  the  origin  of  min¬ 
erals  and  rocks  ( Quarterly  Journal  of  the  Geological  Society, 
\  o\.  XI\  ,  page  453),  and  in  October,  1867,  by  the  late  Mr.  David 
l  orbes,  member  of  Council  and  Foreign  Secretary  of  the  Iron 
and  Steel  Institute.  These  observations  gave  birth  to  the  special 
science  of  petrography.  In  view  of  the  fact  that  metallic  bodies 
aie  ana  ogous  to  rocks,  the  exact  knowledge  of  metals  called  for 
tie  creation  of  a  corresponding  science  of  metallography,  in  which 
the  pioneers  were  Dr.  Sorby,  whose  publications  go  back  to  ,864. 
and  I  rofessor  Martens,  whose  publications  go  back  to  1878.  In 

works  ?!  mkr0SC°Pe  "'as  deduced  at  the  Le  Creusot 
we^starfjl  VTnll8afnS  K  Osnlond  and  Mr-  J-  Wert  I, 
path  indict  by  DrVSorr  TuT’  "T  a,°"g  '"e 

in  the  nrinrinoi  "  u  •  ‘  ‘  ^^eta^°graphy  is  cultivated  to-day 
7 f "7  C°UntrieS-  Starti"g  ^  the  scien- 

works  laboratories,  where™  trilu"!  a"d  fUrther  '"‘0 

pensable  auxiliary  to  chemical  douljledl-v  become  an  ind.s- 

In  view  of  L  Z  ,  analysis  and  physical  tests. 

of  meteoric  irons  meM^  t0  petro£raphy  and  to  the  studv 

tcchnirt^uT^el"  veb  S!,ateS  ‘he  •"*  °f 

familiar  to  the  mineralogist  and  '  ^reVer  posslblc  the  terms 
describing  the  structures  of  met  i  -  g  °  oglst  should  be  used  m 
new  words  is  to  be  deprecated.  &  S  all°ys’  and  the  coining  of 

the  more  important  ^erms'med  a,!phabe|lcal  list-  which  contains 
with  metallography  has  y  authors  of  memoirs  dealing 

.be  Committee,  Ld^s  now  Issued^  7  **  “nsideration  of 
ci sms  and  suggestions  from  the  m  "t.  l°pe  of  obtainin£  criti- 
that  the  Committee  may  have  1  f  °f  the  institute>  in  order 
base  their  judgment.  °re  tbem  data  upon  which  to 
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Glossary  of  Terms 

Aci,  Ac*,  Ac*,  etc.  Critical  points.  Points  of  flexure  in  the  heating 
curves  of  iron  and  steel. 

ACICULAR. —  (Ger.  Nadhg,  Fr.  Aciculaire .) 

A  term  applied  to  needle  crystals  found  in  drusy  cavities  of 
ferro-manganese,  basic  slags,  etc.  It  has  been  applied  erroneously 
to  describe  the  appearance  of  sections  of  plates  and  wedge-shaped 
crystallites  in  certain  metals  and  alloys.  I  his  and  similar  terms 
of  Latin  or  Greek  derivation  might  perhaps  advantageously  be 
replaced  by  their  equivalents  of  Saxon  origin. 

AIR  PI  IS. —  (Ger.  Luft  grub  c  hen.) 

An  epithet  applied  to  microscopic  air  bubbles,  which  have  taken 
a  geometrical  form,  found  on  the  surface  of  certain  metals  cast  on 
glass  (Ewing  and  Rosenhain).  This  term  might  be  discarded. 
ALLO  TRIOMORPHIC. —  (Ger.  Allotriomorph,  Fr.  Allotriomorphe.) 

A  term  applied  to  crystals  which  have  taken  their  shape  from 
their  surroundings. 

ALLOTROPIC  FORM  OR  MODIFICATION.  —  (Ger.  Allotropc  Form, 
Fr.  Forme  allotropiquc .) 

A  term  applied  to  an  element  which  has  physical  properties  and 
chemical  activities  different  to  the  normal  state  of  that  element. 

ALLOTROPY. —  (Ger.  Allotropie,  Fr.  Allotropie  —  Faraday.) 

Is  the  capacity  to  undergo  without  change  of  composition  a  change 
of  chemical  and  physical  properties. 

“  Allotropy  is  a  change  of  internal  energy  occurring  in  an  ele¬ 
ment  at  a  critical  temperature  unaccompanied  by  a  change  of  state 
( Roberts-Austen  ) . 

ALLOY,  METALLIC.  —  (Ger.  Legierung,  Fr.  Alliage  metallique.) 

An  intimate  mixture  or  union  of  metallic  substances  which  on 
melting  do  not  separate  into  two  distinct  liquid  layers  (Stead). 

ALPHA  IRON.  —  (Ger.  Alpha-Eisen,  Fr.  Fer  alpha  —  Osmond.) 

The  normal  condition  of  pure  iron  below  the  temperature  of 
750°  C.  Crystallizes  in  the  cubic  system.  (See  Beta  and  Gamma 
iron.) 

AMORPHOUS.— (Ger.  Amorph,  Fr.  Amorphe.) 

Non-crystallized.  Not  formed  by  crystallization.  A  term  that 
should  never  be  applied  to  alloys;  no  alloy  can  be  said  to  be 
amorphous. 

APHANITIC.  —  (Ger.  Aphanitisch,  Fr.  Aphanitique .) 

A  term  applied  by  geologists  to  a  texture  in  which  the  com¬ 
ponent  grains  are  so  minute  as  to  become  visible  only  under  the 
microscope.  This  term  might  be  applied  to  the  finest  structure  of 
hardened  steel  instead  of  the  word  “amorphous.”  It  is,  however, 
of  questionable  utility. 
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An,  An,  Ars,  etc.  Critical  points.  Points  of  flexure  in  the  cooling 
curves  of  iron  and  steel. 

ARBORESCENT.  —  (Ger.  Tannenbaumforntig,  Fr.  Arborescent.) 

Tree-like;  a  term  applied  to  certain  crystallites  with  the  appear¬ 
ance  of  fir  trees,  and  which  sometimes  occur  in  drusy  cavities  in 
metals  or  embedded  in  solid  alloys. 

ATOMIC  VOLUME. —  (Ger.  Atomvolumen,  Fr.  Volume  atomiqua.) 

The  atomic  volume  of  an  element  is  its  atomic  weight  divided 
by  its  specific  gravity. 

AUSTENITE.— (Ger.  Austenit,  Fr.  Austenite  —  Osmond. ) 

A  constituent  of  steel  softer  and  less  magnetic  than  martensite, 
with  which  it  is  often  associated.  It  is  produced  by  quenching 
small  sections  of  steel  containing  more  than  1.5  per  cent  carbon 
m  ice-cold  water  from  a  temperature  of  1100°  C. 

The  structure  of  such  quenched  steel  is  developed  by  polishing 
on  parchment  moistened  with  liquorice  solution  or  nitrate  of  am- 
moma.  The  austenite  remains  white,  the  martensite  becomes  brown, 

section  ^rarS(-  *i?  3  ^  gzag  ^orm-  A  sewing-needle  drawn  across  the 
ection  scratches  the  austenite  more  deeply  than  the  martensite. 

to  he  TT  °  ,tS  '?W  degfee  °f  hardness-  because  ^  appears 

o  consfd °:  y  “  ,  "ig'’eSt  Baron  J„p,„er"s  led 

carbide  rf^'ron  *  l'°"  °f  el'm«"«ary  carbon,  or  of  ionized 

carDiae  ot  iron  in  iron. 

BACILLAR.- (Ger.  Stabchenformig,  Fr.  Bacillaire.) 

BETA  ond., 

tcmiperatures^ietre^'^o^LrS'T  ■  ir0"-  1* 

developed  o^ed  and  magnetic  properties  are 

BL0WIS^S~^rc-  Tn Fr- 

BRITTLENESS  -  (Ger  Rw  /  ,  me  COmPleteIy  solid. 

More  or  JFZgEg*-*:  >"«*» 
between  the  cleavage  nlanec  *,  'S  caused  by  want  of  cohesion 

their  joints.  It  may  be  nma  ^  crystaI,ine  grains  or  between 

presence  of  a  brittle  fnrpi(y°  UC|CC  ^  toug^  ductile  metals  by  the 
The  track  of  fracture  in  such  StatlCe  which  envelops  the  grains, 
envelopes.  case  generally  follows  the  brittle 

Pr  BnU  ) 

a  chemical  alteration  of  itc  *s  brittle  in  consequence  of 

Recent  study  has  shown  that  CaUse<1  by  excessive  heating, 
steel  or  iron  is  not  necessarilv  so-called  burnt  metal  such  as 
ally  lighter  the  same  Ja,: }t  is  Specific 

p  evious  to  overheating,  owing  to 
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the  evolution  of  gases  in  the  solid  metal  which  causes  an  incipient 
separation  of  the  crystal  grains.  Near  to  the  external  surface,  if 
carbon  is  very  low  or  absent,  intergranular  layers  of  oxide  of  iron 
may  sometimes  be  detected.  The  chemical  composition  is  not  neces¬ 
sarily  altered  by  the  so-called  burning.  Steel  may,  on  heating  to 
a  very  high  temperature  in  an  inert  atmosphere,  develop  many  of 
the  properties  of  burned  steel  after  cooling.  In  such  cases  oxidation, 
of  course,  is  impossible.  Burned  steel  is  generally  coarsely  granular, 
and  is  easily  fractured. 

CANCELLATED. —  (Ger.  Gitterformig,  Fr.  Form(  eti  treillis.) 

Latticed;  crossed  by  two  series  of  parallel  lines  — a  structure 
sometimes  developed  on  etching  alloys.  1  his  term  mig  it  >e 
discarded. 

CARBON. —  (Ger.  Kohlcnstoff,  Fr.  Carbone.)  .  . 

To  this  most  important  element  occurring  in  iron  and  steel 

several  names  have  been  given. 

Carbide  Carbon.  —  (Ger.  Carbidkohle,  Fr.  Carbone  du  carbure  — 
Ledebur.) 

The  condition  in  which  the  carbon  exists  in  cementite,  synonymous 

with  combined  carbon.  , 

Carbon  Annealing-  -  (Ger.  Temperkohlc,  Fr.  Carbone  de  recuit 

—  Osmond  and  Werth.)  .  .  .•  l 

The  finely  divided  carbon  having  graphite  properties, 
separates  from  white  cast  iron  and  from  certain  steels  uring  pro¬ 
longed  annealing,  and  according  to  Ledebur,  from  high  carbon  steel 
when  it  is  raised  to  a  red  heat  by  rapid  hammering. 
in  dilute  acids.  Ledebur  describes  this  carbon  as  temper  carbon 
the  wl  ” temper”  having  in  Germany  a  different  meamng  .o 
what  it  has  in  England.  Annealing  carbon  is  the  term  that  best 
expresses  Ledebur’s  meaning.  ,  \ 

-  - 

previous  to  solidification  and  at  the  solidifying  point. 

Tharpartof^eTaS  hardened  and  tempered  steels  which 
lliat  part  or  i  .  ..  thc  steei  jn  nitric  acid  1.20  sp.  gr. 

Carbon.  —  (Ger.  „ar„,,,SsM,Mf.  Fr.  Carton,  dr 

trempe.)  bon  wiien  it  confers  hardness  to  steel,  as 

."rS-  abo"  It  is.  lihe  carbide  carbom  com¬ 
bined  carbon.  Baron  Jiiptner  distinguishes  three  vanct.es  of  com- 
bined  carbon:  bi-,  tri-,  and  tetra-carbon. 

/^i^t  t  TTr  a  p  _ (  fi(»r  ZclliRt  Fr.  C cIIuIqvtc. ) 

Containing  irregular  spheroidal  or  ellipsoidal  cavities.  Applied 
by  Osmond  to  net-like  structure 
PFMFNTITE  —  (Ger.  Cement  it,  Fr., Cementite.') 

This  term  was  first  applied  by  Professor  Howe  to  carbide  of  iron 
in  the  separate  state  as  a  constituent  of  steel.  The  researches  of 
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Abel,  Muller,  Osmond,  and  others  show  it  to  have  the  formula 
FejC  The  term  may  be,  however,  and  actually  has  been,  used  to 
embrace  all  the  separate  carbides  in  cast  iron  and  steel  containing 
manganese,  chromium,  etc.  The  free  carbides  in  nearly  all  com¬ 
mercial  metals  and  steels,  as  a  rule,  are  not  composed  of  Fe3C  alone, 
but  are  admixtures  in  molecular  union  with  MnsC.  Cementite  may 
exist  in  fine  granules,  thin  plates,  or  in  comparatively  large  masses 
in  steel  and  pig  metal. 

According  to  Osmond,  it  is  the  hardest  constituent  (No.  6  Mohs 
scale)  in  metal  and  steel,  not  colorable  by  polishing  and  etching  with 
dilute  nitric  acid,  iodine  solution,  hydrochloric  acid  in  alcohol,  etc. 

Sauvcur  distinguishes  “segregated”  and  “free”  cementite;  the 
former  is  a  constituent  of  pearlite,  while  the  latter  occurs  independ¬ 
ently.  This  distinction  was  noticed  by  Sorby.  As  the  term  “  seg- 
gregated  ”  suggests  separation,  and  as  one  authority  has  called  free 
cementite  segregated,  it  appears  advisable  to  discard  the  word  seg¬ 
regated  and  substitute  the  term  “  pearlite-cementite.” 

CLEAVAGE. —  (Ger.  Spaltbarhcit.  Fr.  Clivage.) 

As  applied  to  minerals  and  metals,  is  the  property  possessed  by 
crystals  and  crystal  grains  of  separating  along  certain  planes- 
these  cleavage  planes  are  usually  parallel  to  one  or  more  of  the 
aces  of  the  crystal  forms,  but  have  not  necessarily  any  relation 
to  the  faces  of  the  crystal  grains. 

COHESION.  —  (Ger.  Kohasion,  Fr.  Cohesion.) 

One  of  the  \arious  forces  of  attraction;  that  force  by  which  parti¬ 
cles  are  held  together. 


CONCHOIDAL.  —  (Ger.  Musclilig,  Fr.  Conchoidal.) 

vex  fractures  Sf  ^  „  shell:  applied  to  the  concave  and  con- 

slags!  etc  S°me  ^  °f  zinc'c°PPer  and  tin-copper,  glassy 

CONGEALED  SOLUTION  —  (CPr  r?  , 

congelce.)  ^er'  ^ rsforrtc  Losung,  Fr.  Solution 

Synonym  with  “solidified  solution”  A  1 
after  solidification,  irrespective  “  ♦  .  A,  honlo^eneous  solution 

the  solution  in  the  latter  state  form  Whether  tlle  constituents  of 
the  true  sense  of  the  term  mixture  or  a  solid  solution  in 

CONSTITUENTS.— (Ger  r„ ., 

bildner,  Fr.  Constituents.)  ‘  ***  Gc^gcbestandtllcilc,  Gefiige- 
As  applied  to  metalloirranhv  ot-  *1 
alloys  and  metallic  substances’  are  PaftS-  °f 

two  or  more  elements  nr  JUUt>  Alloys  containing  only 

constituents.  mponents  may  contain  three  or  more 

COOLING  CURVES. -(Ger  Ahb-, , 

Courbe  de  refroidissement )  “  '  ungsburvc>  Kuhlungkurvc,  Fr. 

A  diagrammatic  representatin 

when  liquid  or  solid  substances  ^  ,  rmal  changes  which  occur 
temperature,  and  in  which  timn  Ct°°  ^rom  a  higher  to  a  lower 

C  a'ld  temperature  are  coordinates. 
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Cooling  curves  may  be  represented  in  several  ways:  (1)  By  taking 
as  coordinates  the  temperature  “  T  ”  and  the  time  “  t  ”  from  the 
commencement  of  cooling:  the  curve  so  obtained  will  then  more  or 
less  approximate  to  a  parabolic  curve.  (2)  By  taking  as  coordi¬ 
nates  the  temperature  of  the  metal  “  T,”  and  the  space  of  time 
necessary  for  cooling  down  from  that  temperature  through  a  defi¬ 
nite  number  of  degrees:  this  is  expressed  by  (3)  One  can 

Cl  1 

choose  for  coordinates  the  temperature  and  the  difference  between 
the  time  required  for  the  cooling  of  the  metal  under  investigation, 
and  the  time  necessary  for  some  other  metal  ( e.g .  platinum)  to 
cool.  These  latter  might  be  termed  differential  cooling  curves  (Ger. 
Differentialabkiihlungskurvcn.) 

CRITICAL  POINTS. —  (Ger.  Kritische  Punkte,  Haltepunkte,  Fr.  Points 
critiques.) 

The  point  or  zone  at  which  a  physical  or  chemical  change  takes 
place,  as  when  in  cooling  pure  iron  and  steel  from  900°  C.,  an  evo¬ 
lution  of  heat,  indicative  of  a  physical  change,  occurs  at  the  critical 
points  Ar8  and  Ar2.  When  the  change  is  not  at  one  fixed  point, 
but  extends  over  several  degrees,  the  area  of  change  is  called  a 
“  zone.” 

CRYSTAL.  —  (Ger.  Krystall,  Fr.  Cristal.) 

According  to  Professor  H.  Bauerman,  the  leading  property  of 
crystals,  as  distinguished  from  mere  geometrical  solids,  is  the  in¬ 
variability  of  the  angles  between  corresponding  faces  in  different 
individuals  of  the  same  substance. 

Mr.  Stead  points  out  that  the  term  has  been  used  by  some 
authorities  for  particles  of  crystals,  allotriomorphic  crystals,  pseudo- 
morphic  crystals  and  crystallites.  It  is  very  desirable  that  the  term 
should  be  confined  to  true  idiomorphic  crystals  only. 

CRYSTAL  GRAIN.  —  (Ger.  Krystallkorn,  Fr.  Grain  cristallin.) 

An  allotriomorphic  crystal,  or  a  fragment  of  a  crystal  devoid  of 
its  crystal  faces  and  angles.  1  his  term  is  to  be  pieferred  to 
“  crystalline  grain.” 

CRYSTALLINE.  —  (Ger.  Krystallin,  Fr.  Cristallin.) 

This  term  is  used  by  crystallographers  to  denote  the  physical 
properties  of  crystallised  matter,  and  is  applied  to  any  body,  or 
portion  of  a  body,  possessing  those  properties  without  regard  to 
its  form.  By  petrographers,  on  the  other  hand,  the  same  word  is 
used  to  denote  mineral  aggregates  which  consist  of  crystallised 
substances,  whether  in  the  form  of  perfect  crystals  or  merely  as 
grains  possessing  the  physical  properties  of  crystals. 

CRYSTALLISED. _ (Ger.  Krystallisirt,  Fr.  Cristallise.) 

This  term  is  applied  to  that  which  has  been  produced  by  a 
process  of  crystallisation,  no  matter  what  the  external  form  may 
be,  having  the  physical  properties  of  crystallised  matter,  applicable 
to  any  body  or  portion  of  a  body  possessing  those  properties  with¬ 
out  regard  to  its  external  form. 
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CRYSTALLITE.— (Ger.  Krystallit ,  Fr.  Cristallitc.) 

This  term,  first  proposed  by  Sir  James  Hall,  has  been  adopted 
by  modern  petrographers  with  slightly  varying  meanings.  By  some 
it  is  used  as  a  general  designation  for  all  the  indefinitely  crystal¬ 
line  or.  incipient  forms  of  individualisation  of  minerals.  In  metal¬ 
lography  it  may  be  defined  as  an  imperfect  crystal,  in  which  the 
plane  faces  and  angles  are  not  developed. 

CUBOIDAL. —  (Ger.  Wurfelformig ,  Fr.  a  pen  pres  dc  la  forme  d’un 
cube.) 

Applied  to  crystals  which  appear  to  be  cubical  in  certain  micro¬ 
sections  of  alloys;  only  applicable  tentatively  until  the  crystals 
are  measured.  Mr.  Rosenhain  regards  this  as  an  objectionable 
coined  word. 

CL  NEIFORM  or  CUNEATE. —  (Ger.  Keilformig ,  Fr.  Cuneiforme.) 

Wedge-shaped  applicable  to  crystallites  in  many  alloys  prepared 
by  the  superposition  method.  This  term  might  be  discarded. 
CUSPIDATE. —  (Ger.  Speerfonnig,  Fr.  T ermine  cn  pointe.) 

Spear-shaped;  tapering  abruptly.  This  term  might  be  discarded. 
DENDRITIC. —  (Ger.  Dcndritisch,  Verastelt,  Fr.  Dendritique.) 

Tree-like;  a  term  applied  to  certain  crystallite  forms  common  in 
many  metals  and  alloys.  ( See  “  Arborescent.” ) 

DRUSE. —  (Ger.  Druse ,  Fr.  Geode.) 

A  term  used  in  descriptive  metallography  for  cavities  into  which 
freely  terminated  crystals  or  crystallites  project;  common  in  metals 
and  alloys. 

DLCTILITV — (Ger.  DeJmbarkeit ,  Fr.  Ductilite.) 

ihe  property  of  metals  to  elongate  and  bend.  Ductile  metals 
and  alloys  have  been  described  as  those  in  which  sliding  can  take 
in  a  °ng  cleavage  Planes  without  separation  occurring. 

IIC  LIMIT.— (Ger.  Elasticitatsgrenze,  Fr.  Limite  d* elastic ite.) 

Is  the  maximum  stress  a  substance  will  bear  without  suffering 
permanent  distortion  or  fracture.  This  is  expressed  in  tons  per 

FT  ACTTnTvCh  Z'”  k,logrammes  Per  square  millimetre. 
ELASTICITY  —  (Ger.  Elasticity,  Fr.  Elasticity .) 

a  T  ^te"art  and  Gee,  is  that  property  in  virtue  of  which 

w  t<\recover  its  size  and  shape,  and  a  fluid  body 
force  '  Cr  a'lllg  been  submitted  to  the  action  of  a  disturbing 

ELASTICITY,  MODULES  OF  <r  r,,  .  .  _  . 

ficient  d’ elasticity.)  '  (Ger'  EbuhcttSt»*odul,  Fr.  Coef- 

If0anrodnordUlUS  ^  described  (Stewart  and  Gee)  as  follows: 
rod  or  wire  of  length  L  be  stretched  until  it  becomes  of 

length  L+  i,  then  —  !S  the  extension  per  unit  of  length.  If  the 

°rCC  '*”*"*  'X""sion  b'  P  ""its.  and  the  wire  or  rod  have  a 
sectional  area  containing  .  uniB,  ,hen  the  force  or  ^  „  P  per 

unit  of  cross-section,  and  a 


The  Nomenclature  of  Metallography 


153 


P 

,,  ,  j  ,  stress  a  PL  ... 

Young  s  modulus  =  s(rain  =  -  =  —  =  M. 

L 


In  iron  and  steel  the  value  of  Young’s  modulus  is  about  13,000 
tons  per  square  inch ;  in  other  words  a  stress  of  one  ton  per  square 
inch  produces  an  extension  which  is  of  the  original  length. 

embrittling. 

A  term  applied  by  Professor  Howe  to  such  elements  as  produce 
brittleness  when  added  to  steel. 

EQUILIBRIUM  CURVE.  —  (Ger.  Gleichgewichtsknrve ,  Fr.  Courbe 
d’equilibre. ) 

This  is  a  curve  showing  the  relation  of  temperature  and  com¬ 
position  of  a  heterogeneous  system,  in  which  the  phases  present  are 
in  equilibrium  with  each  other.  An  approximation  to  such  a  cur\e 
can  be  obtained  by  plotting  a  series  of  cooling  curves,  but  in  order 
to  obtain  a  true  equilibrium  curve  in  this  way,  it  would  be  neces¬ 
sary  for  the  cooling  to  be  infinitely  slow. 

The  expression  “equilibrium  curves”  probably  dates  from  some 
time  back,  and  might  therefore  be  found  in  the  works  of  Gibbs, 
Van  t’Hoff,  Van  der  Laar,  Ostwald,  Le  Chateher,  etc.  In  am 
case,  this  term  is  used  to  denote  other  curves,  e.g.,  temperature- 
pressure-curves  in  the  case  of  equilibrium  between  ice,  water, 


steam. 

ETCHING.— (Ger.  Aetzen,  Fr.  Attaque  chimique .)  .  ,  .ire 

In  order  to  develop  the  constitutional  and  crysta  me  . 

of  metals  and  alloys,  the  polished  surfaces  are  su  jec  ®  an(j 

by  suitable  reagents,  such  as  nitric  acid,  10  me,  su 
hydrochloric  acids,  etc.  This  action  is  termed  etching,  ) 

ETCHING  FIGURES.  —  {Ger.  Aetsfiguren,  Fr.  Conto™s  ,  ®  pits> 
According  to  Baumhauer,  figures,  genera  y  °  °}'Hne  surfaCes, 
which  are  obtained  by  the  suitable  etching  o  rrvstais.  They 

of  polished  surfaces,  or  of  the  surfaces  o  c  ®  ,  tjie  respec- 

have  the  very  closest  connection  with  the  orien  equivalent  sur- 

.  tive  surfaces  of  the  crystal.  On  to  the 

faces  the  figures,  both  with  regard  to  t  eir  differ  Crystallo- 

orientation,  are  uniform,  but  upon  surt  ,inmistakable  means 

graphically  the  figures  differ.  They  are  gn  case  of 

for  deciphering  the  crystalline  structure  o  are  not  met 

“crystallized  bodies.”  In  amorphous  bo  ie  with 

with.  Their  size  varies  (and  their  form,  °  tQ  t^e  etching 

the  duration  of  the  etching  process,  an  ac  ^  tjiey  cannot 

medium  employed,  for  which  reason  it  is  which  build  up 

in  general  be  identical  with  the  crysta  e  e 
the  crystal.  .  >. 

EUTECTIC.— (Ger.  Eutektiseh,  Fr.  EuteCtlQUe'lr„te.  solidified  mother- 
A  term  used  by  Guthrie  (1875)  to  indicate 
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liquor.  All  eutectics  have  a  freezing-point  below  that  of  the  mean 
of  their  constituents.  The  German  word  can  only  be  used  as  an 
adjective;  the  English  word  is  often  used  as  a  noun. 

EUTECTIC  ALLOY.  —  (Ger.  Eutcktische  Legirung,  Fr.  Alliagc  eutec¬ 
tique.  ) 

A  term  defined  by  Guthrie  ( Philosophical  Magazine,  June,  1884) 
Stead  describes  three  different  structures  in  eutectics  —  the  “  curved 
plates,”  “  flat  plates,”  and  cellular  or  honeycombed.  As  a  rule 
eutectic  alloys,  after  polishing  and  etching,  have,  without  the  aid  of 
a  microscope,  a  mother-of-pearl  or  opal  appearance  when  obliquely 
illuminated.  Many  eutectics  in  solidifying  take  true  crystalline 
forms. 

EUTECTIC  MIXTURE.  —  (Ger.  Eutcktische  Mischung,  Fr.  Melange 
eutectique.) 


According  to  Baron  Juptner,  a  eutectic  after  solidification  and 
separation  into  its  constituent  parts,  which  remain  in  micro-juxta¬ 
position. 

EUTECTIC  POINT.  (Ger.  Eutektisclier  Punkt,  Fr.  Pointe  eutectique.) 
1  he  common  point  of  intersection  of  two  inclined  branches, 
and  an  approximately  horizontal  line  in  the  freezing-point  curve. 
Th.s  horizontal  line  is  called  “eutectic  line.”  (Ger.  Eutcktische 
tnie,  r.  Li gne  eutectique.)  The  alloy,  the  composition  of  which 
corresponds  with  the  eutectic  point,  is  called  eutectic  allov;  the 
temperature  corresponding  with  this  point  in  the  freezing-point 
cune  is  termed  eutectic  temperature. 

EU™  SOLUTIONS.— (Ger.  Eutcktische  Losungen,  Fr.  Solutions 
eutectiques  —  J  uptner. ) 

ppppT^rUteCt^  Previ°US  to  Edification. 

FERRI I E.  (Ger.  Ferrit,  Fr.  Ferrite.) 

used  for  thafSl  U^ec*  ^owe  *or  Pure  iron.  It  is  now  commonly 
not  more  than  t  °  ^  °r  ’r°n  containing  no  carbide,  or  at  least 
which  mav  or  r3CeS  m  s°l‘d  solution.  It  covers,  therefore,  iron 
form  solid  solution*"0  <T°ntam  slllcon,  manganese,  nickel,  etc.,  which 
Ferrite  is  the  <Jft  1Somorphous  crystallized  mixtures  with  iron, 
characteristic  is  the  orr  structure_constituent  The  unmistakable 
quent  to  treatment  with^kri?  ^  cuboidal 

(1  to  12).  aci(*  or  coPPcr-ammonium  chloride 

FIBROUS.  -  (Ger.  Fasrig,  Sehnig,  Fr.  Fibreux  ) 

Composed  of  fibres  or  tl  •  ’  oreux‘> 
wrought  irons  and  steel*  onY*  ,  Fractured  surfaces  of  some 
fibrous  structures.  In  *1  1  °l  ler  metals  may  falsely  indicate 
the  result  of  tension  whiY  CaSCS  ^le  flbrous  fractured  surface  is 
or  fibres.  <Jraws  «*  <he  crystal  grains  into  threads 

FISSILE.  —  (Ger.  BlSUng  sf  allbar  Fr  CU-abl  s 
Admitting  of  being  snlit  inf  1  Chdable-) 

FOLIATED.-, Get,  ‘‘T?-  % 

Composed  of  ,bi„  I w 
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FRACTURE.—  (Ger.  Bruch,  Fr.  Cassure.) 

The  broken  surface  of  a  metal  or  alloy.  It  may  be  either  of  the 

following: 

Conchoidal.  —  (Ger.  Muschhg,  hr.  Conclioidalc.) 

Hackly.  —  (Ger.  Hackig,  Fr.  Hackee-) 

Rough.  —  (Ger.  Rauh,  Fr.  Inegale.) 

Smooth.— (Ger.  Ehen,  Fr.  Unie.) 

Splintery.— (Ger.  Splittrig,  Fr.  Ecailleuse.) 
FREEZING-POINT  CURVE.— (Ger.  Erstarrungspunktskurve,  Gefrler- 
punktskurve,  Fr.  Courbc  dc  fusibilite •  ) 

A  diagrammatic  representation  showing  the  summary  of  a  complete 
set  of  cooling  curves  of  a  series  of  alloys  consisting  of  two  or  more 
•  metals  or  metallic  substances,  temperature  and  composition  being 
coordinates.  ( See  ‘‘Equilibrium  Curve.  ) 

FRIABLE.— (Ger.  Brocklig,  Fr.  Friable.) 

Easily  crumbled;  reducible  to  powder.  n  d  a 

GAMMA  IRON.— (Ger.  Gamma-Eisen,  Fr.  Fer  &amma  *  .  ) 

An  allotropic  non-magnetic  system, 

temperatures  above  850°  C.  It  crystallizes  m  i 
and  its  crystalline  forms  are  combinations  o  e 
hedron  (but  more  frequently  of  the  octahedron)  th* 

cube.  In  passing  from  the  state  of  gamma  iron  *to  beta  iron 

evolution  of  heat  occurs.  ,  ,  1 

GLASS-HARDNESS.  —  (Ger.  Glasharte,  Fr.  Dure  e  ‘‘  ■) 

The  utmost  degree  of  hardness  which  steel  is  capable  of 

on  quenching  from  above  An.  \ 

GLIDING-PLANE.  -  (Ger.  GhitflSclu Ft £  m(^cules  g|ide 
A  definite  direction  in  a  crvsL  suitably  directed  pres- 

over  one  another  when  it  1S  subjJc  *  {  d  Rosenhain  (Proc. 

sure.  The  subject  was  investigated  by  Lu  a  drawn 

Royal  Society,  March  16,  ,8»).  A  and 

between  “  deformation  occurring  w  of  form  has  occurred 

formation  by  translation  (Ger.).  c  means  of  etching  figures 

due  to  twin  formation,  this  can  be  tJ'aC  .  cannot  be  done,  however, 
subsequent  to  polishing  the  materia  (  change  is  then  only 

in  the  case  of  a  change  of  form  >y  s  1  •  tQ  tjie  polishing.  It 

noticeable  if  the  deformation  occurs  1  These  disappear  imme- 

is  rendered  apparent  by  the  slip-band  .  The  etchjng 

diately  on  etching,  and  no  further  trace  -  °  ^  ones. 
figures  are  not  altered  in  appearance  from 
GRAIN.  —  (Ger.  Korn,  Fr.  Grain-)  be  a  rounded  or 

A  grain  may  or  may  not  be  crystall  ,  ^  Qther  grains. 

irregularly  shaped  particle,  either  separa  qualifications,  to  de- 

Metallurgists  commonly  use  the  •  coarse  grain,  etc.,  etc. 

scribe  the  fractures  of  steel,  such  as  f  S  •  n when  applied 
As  all  such  steels  are  crystalline,  the t  stauine  grain  or 

to  metals  may  be  considered  as  a  contraction 

crystal  grain. 
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GRANULAR.— (Ger.  Kornig,  Fr.  Grenn.) 

Composed  of  grains  of  irregular  crystalline  particles,  as  sandstone, 
marble,  granite,  iron,  and  steel,  etc. 

GRANULITIC.— (Ger.  Granulitisch,  Fr.  Granulitique.) 

Michel-Levy  applies  this  term  to  holocrystalline  rocks  composed 
of  juxtaposed  grains,  all  approximately  of  the  same  size  and  in¬ 
dependently  oriented.  Iron  and  steel,  many  metals  and  alloys,  ex- 
hibit  similar  characteristics. 

GRINDING.— (Ger.  Schleifen ,  Fr.  Adoucir.) 

The  process  of  preparing  smooth  surfaces  by  abrasion. 

GROUND-MASS. —  (Ger.  Grundmasse,  Fr.  Masse  fondamentale.) 

The  ground-mass  of  a  rock  is  the  matrix  in  which  crystals  are 
embedded.  Similarly  in  metallography,  the  term  may  be  used  for 
the  mass  which  is  in  preponderating  quantity. 

HACKLY. —  (Ger.  Hackig ,  Fr.  Hache.) 

Rough;  having  fine  short  and  sharp  points  on  the  surface;  as  a 
hackly  fracture,  e.g.,  the  fracture  of  the  native  metals.  Annealed 
steels  give  a  hackly  fracture.  Coarse  grained. 

HARDENING. —  (Ger.  Horten,  Fr.  Trehipe.) 

lhe  process  of  heating  steel  to  above  An  and  suddenly  quenching 
in  water. 

HARDENITE. —  (Ger.  Hardenit,  Fr.  Hardenite.) 

According  to  Howe,  this  is  understood  to  be  martensite  in  the 
form  of  the  eutectic  solution.  The  term  was  first  applied  in  1897 
by  Charpy  to  martensite  with  its  maximum  percentage  of  carbon 
(0.89  per  cent.),  lhe  term  should  be  discarded. 

HARDNESS. —  (Ger.  Hdrte,  Fr.  Durete .) 

By  hardness  is  understood  the  resistance  offered  by  a  body  to  the 
separation  of  its  particles.  The  hardness  of  a  mineral  is  measured 
by  the  force  required  to  scratch  it  with  a  steel  point  or  other  sharp 
pointed  fragment  of  some  harder  mineral.  The  results  obtained 
rom  one  and  the  same  mineral  are  found  to  vary  slightly  with  the 
crystalline  face  experimented  on,  and  even  with  the  direction  on 
one  and  the  same  face. 


may  be  exPressed  by  reference  to  the  following 

scale  (Mohs  )  : 


1.  Talc. 

2.  Rock  Salt. 

3-  Calcite. 

4-  Fluor  Spar. 

5-  Apatite. 


9.  Corundum. 


8.  Topaz. 


6.  Orthoclase. 
/.  Quartz. 
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tempered  yellow,  6;  chrome  steel,  6.2  to  6.5;  and  ferro-chrome,  7  to 
7.3.  Brinell’s  method  of  determining  hardness  is  fully  described 
in  Mr.  Wahlberg's  papers  read  before  the  Iron  and  Steel  Institute. 

(See  “Natural  Hardness,”  “Glass  Hardness,”  and  “Tempered 
Hardness.”) 

HEATING  CURVE. —  (Ger.  Erhitzungskurve,  Fr.  Courbe  d’echauffe- 


mciit.) 

A  diagrammatic  representation  of  thermal  changes  which  occur 
when  solid  substances  are  heated,  and  in  which  time  and  tem¬ 
perature  are  coordinates.  (See  “Cooling  Curve”  and  “Equilib¬ 
rium  Curve.”) 

HEAT-TINTING.  —  (Ger.  Anlassen,  Fr.  Oxydation  par  chauffage .) 

The  process  of  heating  polished  surfaces  of  metals  and  alloys  in 
air  or  other  gas  until  the  constituents  become  differently  colored. 

HEAT-TINTS.  —  (Ger.  Anlauffarben,  Fr.  Colorations  de  recuit .) 


The  tints  produced  by  heat-tinting. 

HOLO-CRYSTALLINE. —  (Ger.  V ollkrystallin,  Fr.  Holocristallin.) 

Composed  wholly  of  crystalline  material,  hating  no  inteistitu 
matter.  Pure  iron,  copper,  and  other  useful  solid  metals,  and  prac¬ 
tically  all  solid  alloys,  are*  holo-crystalline.  r. 

HONEYCOMBED.— (Ger.  Blasig,  Bienenwabig,  Wabig,  Fr.  /  enteux.) 
Unsound  from  many  blowholes.  A  term  applied  to  ingots 

castings. 

HYPER-EUTECTIC  STEEL.  —  (Osmond.) 

Steel  containing  more  than  the  eutectic  proportion  ot  0.9  p* 

cent,  carbon. 


HYPO-EUTECTIC  STEEL.  —  (Osmond.) 

Steel  containing  less  than  the  eutectic  proportion  of  0.90  pe 

cent,  carbon.  ,  .  _  .  .. 

HYSTERESIS.— (Ger.  Hysteresis,  Fr.  Hysteresis ■  —  Ewing. 

Retardation  of  magnetisation  (magnetic  ys  eres'  _  Condi- 
sistency  with  which  certain  bodies  ten  to  it  am  sense  of  a 

tion.  Professor  Ewing  uses  the  word  in  the  more  genera  sense  of 
dissipation  of  energy  occurring  in  any  cycle  of  operations. 
IDIOMORPHIC.— (Ger.  Idiomorph,  Fr  /dtomor/Me.) 

Crystals  which  have  developed  their  external  forms  freelj. 

IMBRICATED  -  (Gen  Zl  L7s.ntc.ores  are  often 

deXeTrthfsn^ces  o,  po.ishcd  tneta.s  and  a„oys  by  etOin*. 

This  term  might  be  discarded.  .  % 

INCLUSIONS  _ (Ger.  Einschlusse,  Fr.  Inclusion  .  .  ., 

lAU.UMJ.Nb.  tu  inclusions  of  gas  and  mechanically  sus- 

Many  metals  contain  inclusi 

INTERC^sXlniNnE.-  (Ger.  Mb.  KrysCaUen  lieeeni  ot'r  nrr- 

'"tX crXXpX  »  eu*cc,ic  a"dns0t  The'tem'tas 

in  certain  alloys  surrounding  the  crystalline  grai  . 

also  been  used  as  a  synonym  for  intergranular. 
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INTERGRANULAR. —  (Ger.  Zwischen  Kornern  liegcnd  oder  verlaufcnd 
Fr.  Intercellulaire •) 

Between  the  grains. 

INTERPENETRATION. —  (Ger.  Durchdringung  Interp.,  Fr.  Penetra¬ 
tion.) 

The  infiltration  of  more  fusible  matter  between  crystalline  faces. 
It  is  probable  that  the  harmful  effects  of  segregation  are  due  to  the 
natural  strength  between  crystalline  faces  being  destroyed  by  the 
interpenetration  of  weak  and  brittle  substances,  such  as  sulphide 
and  phosphide  of  iron  (Hogg). 

ISOMERIC. —  (Ger.  Isomer,  Fr.  Isomerique.) 

All  bodies  of  identical  molecular  weight  were  originally  termed 
isomeric,  but  it  is  now  found  convenient  (Thorpe)  to  restrict  this 
term  to  bodies  which  not  only  possess  identical  molecular  weights, 
but  are  also  of  similar  chemical  type,  and  possess  different  physical 
and  chemical  properties. 

ISOMORPHOUS. —  (Ger.  Isomorph ,  Fr.  Isomorphe.) 

A  term  applied  to  crystals  exhibiting  similarity  in  form. 

According  to  Bauerman,  it  is,  in  the  strict  literal  sense,  only 
applicable  to  such  substances  as  are  cubical  in  crystallization.  It 
is,  owever  largely  used  in  describing  substances  which  crystallize 
together  to  form  a  homogeneous  whole,  and  even  although  the  two 

h!sId^r?TItUentS  d°  n0t  crystalIize  in  the  same  form.  Charpy 
“d~£ed.  35  ‘S0m0rph0US  certain  crystalline  forms  which  grad- 

Crvstals  "f6  ThC°rP°SltIOn  fr°™  theinside  outwards.  (See  “  Mixed 
as  crvstalhVp  t  ^  .?rm  lsornorphic  mixture  is  used  for  such  bodies 
IOC  «  crystallize  together  to  a  homogenous  whole. 

they  have  pPrToTslTediti°n\ir0n  **  Sted  °f  Certain  Masses,  if 
quenching,  give  strine  discr*1011  ^  WOrked  co,d  nor  hardened  by 
serious  permanent  set  first  ocS^Th  3  'vd''marked  bend  where 
varies  much,  is  termed  bv  Pmf  ’  ^  bend’  °f  whlch  the  shap': 
JOGLESS.  y  Professor  Howe  the  “jog.” 

A  term  also  used  by  Howe  -u  • 

the  stress  strain  diaer-im  a  describe  iron  or  metals  of  which 

“Smooth”  might  be  misnnH°CSt  ^  ba%C  tb*s  Particular  inflection, 
is  specific.  misunderstood,  and  is  generic  where  “  jogless  ” 

'f0IX  r'^j(Gfr'  Fuge’  Korngrense,  Fr.  Joint) 

line  b""  "!'d  *°  -he  planes  „  jonctlo„  of  crystal. 


LAMELLA.  —  (Ger.  Pldttch 


a  thin  plate.  Plates 
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of  graphite  in  grey  pig  iron  and  the  plates  of  cementite  in  pearlite 
are  lamelke. 


LAMELLAR.— (Ger.  Blattrig,  Fr.  Lamcllaire.) 

Divisible  into  thin  plates. 

LAMINA.— (Ger.  Blattchen,  Fr.  Lame.) 

A  thin  leaf-like  plate. 

LANCEOLATE. —  (Ger.  Lanzettlich,  Fr.  Lanceole .) 

Lance-shaped;  tapering  gradually.  This  term  might  be  discarded. 
LAP.— (Ger.  Fals,  Fr.  Criquc.) 

A  lap  is  caused  by  careless  hammering,  or  by  badly  proportioned 
grooves  in  rolls,  or  by  careless  rolling,  or  projections  on  the  ingot. 
A  portion  of  the  iron  or  steel  is  folded  over  on  itself,  the  walls  are 
oxidized,  and  cannot  unite. 

LATTICE  STRUCTURE. —  (Ger.  Gitterformig  Struktur ,  Netswerk,  Fr. 
Trcillis .) 

A  structure  developed  on  etching  Had  field’s  manganese  steel  and 
some  other  metals  and  alloys. 

LENTICULAR. —  (Ger.  Linscnfbrtnig,  Fr.  Lcnticulaire.) 

Shaped  like  a  lens. 

LIQUATION. —  (Ger.  Saigci'ung,  Fr.  Liquation.) 

The  flowing  out  from  partially  solid  metals  or  alloys  of  a  portion 


of  the  mass  still  fluid. 

LUSTRE. —  (Ger.  Gians ,  Fr.  £clat.) 

A  term  used  in  describing  the  character  of  the  reflections  o 
tained  from  the  fractured  surfaces  of  minerals  and  rocks.  iere 
are  several  kinds  of  lustre  —  metallic,  adamantine,  greasy,  vitreous, 
resinous,  pearly,  silky,  etc. 

Adamantine.— (Ger.  Diamant-,  Fr.  Adamantin •  ) 


Greasy. —  (Ger.  Fett-,  Fr.  Gras.) 

Metallic. —  (Ger.  Metall -,  Fr.  Met  alii  que.) 

Pearly. —  (Ger.  Perlmutter Fr.  A  acre.) 

Resinous. —  (Ger.  Hars-,  Fr.  Resineux.) 

Silky. —  (Ger.  Sciden Fr.  Soyeux.) 

Vitreous. —  (Ger.  Glas Fr.  Vitreux.) 

Waxy. —  (Ger.  Wachs Fr.  Cireux .) 

ACLES. —  (Ger.  Zwillinge,  Fr.  Maclcs.) 

A  synonym  of  twin  crystals.  .  \ 

MACROSCOPIC- (Ger.  Makroskopisch,  Fr.  Macroscoi nque.)  ^  ^ 
A  term  used  in  contradistinction  to  microscopi  Megascopic, 

character  in  question  is  visible  to  the  nakvc  e>e. 
IARGARlTE.-(Ger.  Margarit,  Fr.  Margaritc.)  t0  the 

The  name  given  by  Vogelsang  (Die  Kiys  "  •  L  '  cryStallites. 
linear  arrangement,  like  strings  of  beads,  assumed  by J  y  ^ 

Osmond  and  others  have  used  the  term  to  descr.be 
\r*n  ran8emer*t  of  crystallites  in  metals  and  alloys.  ^  \ 

martensite.- (Ger,  Morten*.  Fr.  polished 

This  constituent  imparts  the  characteristic  s  f  a  system 

a"<i  etched  hardened  steels.  It  has  the  appearanc 
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of  interlacing  rectilineal  fibres,  frequently  arranged  so  as  to  form 
triangles.  The  photograph  by  Heyn  of  Charlottenburg  of  i  per  cent, 
carbon  steel  clearly  shows  this  structure,  as  also  do  photographs  by 
Osmond  of  steel  containing  0.45  per  cent,  carbon.  It  is  very  fine  in 
1  per  cent,  carbon  steel  and  coarse  in  steel  with  0.45  per  cent,  carbon. 
According  to  Osmond,  martensite  corresponds  (1)  from  a  physico¬ 
chemical  point  of  view,  to  the  maximum  amount  of  allotropic  iron 
and  of  hardening  carbon  that  may  be  retained  by  very  sudden 
cooling  in  carburized  irons  in  which  the  carbon  content  of  the 
mixed  crystals  does  not  exceed  about  1.10  per  cent,  before  quench¬ 
ing;  (2)  from  a  mechanical  point  of  view,  to  the  maximum  of 
hardness  corresponding  to  such  carbon  content.  In  practice,  mar¬ 
tensite  is  produced  by  quenching  small  samples  in  cold  water. 

Arnold  suggests  that  the  term  should  be  used  for  hardened  steel 
containing  the  same  amount  of  carbon  as  pearlite. 

The  composition  of  martensite  is  very  indefinite.  Baron  Jiiptner 
imagines  it  to  be  a  solution  of  carbide  of  iron  in  iron,  while 
Campbell  gives  its  composition  as  C2Fec. 

MASSIVE. —  (Ger.  Massiv,  Fr.  Massif.) 

A  term  used  in  contradistinction  to  “  stratified.”  Metallographers 
have  used  the  term  for  free  cementite  as  distinguished  from  that  in 
pearlite.  The  term  does  not,  however,  imply  homogeneity. 

MATRIX. —  (Ger.  Grundmasse,  Fr.  Magma.) 

This  term  appears  to  embrace  the  terms  mother-substance  and 
eutectic. 


MEGASCOPIC. —  ( See  “  Macroscopic.”) 

ME 1  yOsmon<f)APH  Y  ~  ( C'er‘  Metall°graPhic>  Fr.  Metallo  graphic  — 

In  a  most  general  sense  is  a  description  of  the  structure  of 
a  ,S  an  a^°ys’  but  may  also  be  described  as  the  science 

that  deals  with  the  composition,  constitution,  structure,  and  physical 

ST  tT,."4  aIloys>  but  does  not  inchide  the  art  of 

allovs  r°  1  lat  rancdl  dle  sc'ence  dealing  with  iron  and  its 

METALLURGY11  r  rtnerrias  3PpHed  the  name  of  Sidcrologic. 
METALLURGY.  -  (Ger.  Huttenkunde,  Fr.  Metallurgies 

I  he  art  of  working  in  metals 
MELTING-POINT  CURVF  -7r  c  , 

des  points  de  fusion  -  Juptn^r  )'  Schmelst>unktsk't™>  Fr-  Courbc 

MIXED  CRYSTALS0—  (Ger  .fJeezi"g'point  curve.” 

A  term  used  fnr  t-  ’  ischkrystalle  •  Fr.  Cristaux  melcs.) 

into  a  homogeneousWwhoir°T|SUbhStanCeS  Wh'Ch  Crystallize  together 
more  crystallized  bodies  while  in  h°m0f' l1eous  solution  of  tw0  or 
view  of  the  “nlmo  1  •  ln  a  so  lc*  state*  From  the  point  of 

MOTHER-LIQUOR.  —  (Ger  I/.  these  fo™  a  sinSle  Phase. 

During  the  process  of  congettion  Jf  .  .  f 

several  substances  in  a  8  at,°n.  f  any  system  consisting  of 

remains  in  a  fluid  stir ,  °  scdutlon-  a  portion  of  the  solution 

fluid  state  after  the  separating  out  of  solid  crystals; 
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this  liquor  is  termed  "mother-liquor/5  In  systems  consisting  of 
two  constituents  with  a  eutectic  point,  the  composition  of  this 
liquor  approximates  as  congelation  proceeds  to  that  of  the  eutectic 
mixture,  and  quite  attains  to  this  composition  before  the  whole 
mass  passes  into  the  solid  state. 

NATURAL  HARDNESS.  —  (Ger.  Naturhdrte,  Fr.  Durete  naturelle .) 

The  original  degree  of  hardness  possessed  by  steel  before  quench¬ 
ing  above  A n. 

NEEDLE. —  (Ger.  Nadel,  Fr.  Aiguille .) 

(See  “  Acicular.”) 

NON-EUTECTIC  CEMENTITE. 

That  part  of  the  cement ite  in  iron  and  steel  which  is  external  to 
the  pearlite  in  high  carbon. 

ORIENTATION. —  (Ger.  Orientirung,  Fr.  Orientation .) 

The  relative  direction  of  the  axes  of  crystals,  or  of  the  axes  of 
elasticity  in  two  or  more  crystals,  or. the  relative  position  of  these 
axes  with  regard  to  a  certain  surface  or  line;  for  instance,  the 
polished  surface  or  a  cleavage  plane,  etc. 

OSMOTIC  PRESSURE. —  (Ger.  Osmotischer  Druck,  Fr.  Pression  os- 
mo  tique.) 

When  two  liquids  are  separated  by  the  intervention  of  a  porous 
diaphragm,  a  flow  of  liquid  takes  place  from  one  side  to  the  other, 
or  sometimes  an  unequal  flow  of  the  two  liquids  in  opposite  direc¬ 
tions.  This  phenomenon  is  termed  “  osmose,”  and  the  pressure 
exerted  by  a  dissolved  substance  in  its  solution  is  termed  its  osmotic 
pressure. 

OVERHEATED.— (Ger.  Ueberhitzt,  Fr.  Surcliauffe.) 

Applied  to  steel  that  has  been  heated  too  far  and  not  quite 
burned. 

PEARLITE.— (Ger.  Perlit,  Fr.  Perlite,'  U.  S.  pearly  te.) 

A  term  first  applied  by  Professor  Howe  as  a  synonym  for  the 
pearly  constituent  discovered  by  Dr.  Sorby  of  Sheffield.  It  con¬ 
sists  of  alternating  plates  of  cementite  and  ferrite,  or  sorbite,  or 
grains  of  cementite  embedded  in  ferrite  or  sorbite. 

Baron  Jiiptner  considers  that  the  cementite  of  the  pearlite  con¬ 
sists  chiefly  of  the  carbide  CtFei2,  but  that  the  sorbite  perhaps 
contains  CaFeo.  This  corresponds  to  E.  D.  Campbell  s  data. 

PEARLY  CONSTITUENT.  — (Sorby.) 

Synonym  pearlite. 

PHASE.  —  (Ger.  Phase ,  Fr.  Phase.) 

In  the  sense  adopted  by  J.  W.  Gibbs  in  his  “  Physical  Chemistry.” 
It  is  excellently  rendered  and  described  with  apt  explanations  by 
Le  Chatelier  in  his  memoir  “  La  Loi  des  Phases,”  Revue  Generate 
des  Sciences ,  io  Annee,  No.  20,  1899,  ii.,  1st  paragraph.  A  phase 
is  defined  as  a  mass  chemically  or  physically  homogeneous,  or  as  a 
mass  of  uniform  concentration.  The  state  of  a  phase  is  completely 
determined  if  the  pressure  and  temperature,  together  with  the  chem¬ 
ical  potential  of  its  components,  be  known. 
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PHASE  DOCTRINE. —  (Ger.  Phascnlchre,  Fr.  La  doctrine  dcs  phases.) 

The  doctrine  or  teaching  relating  to  the  phase  rule.  An  expres¬ 
sion  used  by  Professor  Roozeboom. 

PHASE  RULE. —  (Ger.  Phasenregcl,  Fr.  Lot  des  phases.) 

A  rule  for  finding  the  number  of  phases  that  can  exist  in  a  sys¬ 
tem  containing  a  certain  number  of  components,  and  having  a  cer¬ 
tain  number  of  degrees  of  freedom.  It  connects  together  the  num¬ 
ber  of  components,  degrees  of  freedom,  and  possible  phases  in  equi¬ 
librium  (Gibbs). 


1  he  phase  rule  states  that  in  a  system  of  n  components  there  can 
exist  in  equilibrium  n-\-2  phases  if  the  system  be  nonvariant,  «  -j-  1 
if  it  be  monovariant,  n  if  it  be  divariant,  and  so  on  (Stansfield). 

In  physical  chemistry  the  term  “phase”  is  understood  to  mean 
homogeneous  particles  which  occur  within  a  body,  and  are  separated 
by  dividing  surfaces  from  the  other  parts  of  that  body.  For  ex¬ 
ample,  ice,  water,  and  steam.  Examples  of  phases  occurring  in 
>>teel  are  ferrite,  martensite,  and  cementite,  while  pearlite  contains 
_  t"°  °r  three  Phases  — ferrite,  cementite,  and  sorbite  (Juptner). 

•  (Ger.  Lunker,  Schwindungshohlraum,  Fr.  Ketassure.) 

pot  tcu^  cavity  formed  >n  the  central  upper  part  of  the  ingot. 

.  LISH  ATTACK.  —  (Ger.  Relief polieren,  Fr.  Polissage  en  bas-relief  — 
Osmond.) 

\\  hen  alloys  contain  two  or  more  constituents  of  different  degrees 
?3r  ness'  i°ng  continued  friction  on  a  soft  polishing  surface 
t  ej  are  worn  away  in  different  degrees,  the  hardest  constituent 

J"?  east  acted  upon,  the  softest  the  most.  The  surfaces  have 
all  the  appearance  of  having  been  etched 

POLISH  ETCH1  NG  ( Ger.  Aetzpolieren,  Fr.  Polissage  attaque.) 

,  f  ■  Process  0  slightly  acting  upon  polished  surfaces  of  metals 
”C10n  °n  Parchment  moistened  with  a  solution  of  nitrate  of 

and  martV  ,!?♦  “  t0  fVeal  the  structure-  The  sorbite,  troostite. 

PC)  LISH  I \C  ar^c®ored-  hut  ferrite  and  cementite  remain  white. 

POLISHING.  (Ger.  Polieren,  Fr.  Polissage.) 

free  frozen  mL^i'rscmchef  “d  Sm°°th 

POLYMORPHISM.  (Ger.  PolyntorplXntus,  F,  Polymorphism) 

PRISM  \TIC—S  °f  SUbStanCCS  °f  aSSUming  tW°  " 

octr^ 

PSEUDOMORPHOUS.-Tcef' 'pg  ^th'shaPed  sections- 

A  false  form  \  v  a  sexidomorph,  Fr.  Pscudomorphc.) 
other  than  their  own  '  whichTh iTt  P°5“ssin8  *  crystalline  form 

= z  r t  f  r  -- --  -  ts 

m«.ST„!erfer^e"S  ^  ** 

(Ger ■  Kcnletcne,  Fr.  R,caletcne,.—  Bamtt.) 
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A  term  used  to  express  the  phenomenon  of  the  evolution  of  internal 
heat  which  occurs  when  iron  and  steel  cool  through  the  critical 
zones. 

RETICULATED. —  (Ger.  Netzformig,  Netsartig,  Fr.  Reticule.) 

Having  the  appearance  of  network;  traversed  by  two  sets  of 
parallel  lines. 

ROTATION  EFFECT. 

An  expression  used  to  describe  lighting  up  and  darkening  of  the 
crystalline  grains  in  the  etched  surfaces  of  polished  metal  when 
rotated  before  oblique  rays  of  light  (Heycock  and  Neville).  Pro¬ 
fessor  Ewing  and  Mr.  Rosenhain  describe  the  same  as  “  selective 
effect  of  oblique  light.” 

SCLEROMETER.  —  (Ger.  Sklerometer,  Fr.  Sclerometre.) 

An  instrument  designed  by  Mr.  T.  Turner  to  determine  the  rela¬ 
tive  hardness  of  metals.  . 

SCORIACEOUS.  —  (Ger.  Schlackenartig,  Schlackig,  Fr.  Sconace.) 

Having  the  cindery  appearance  of  scoria.  A  suitable  term  to 
use  when  the  exact  nature  of  the  substance  is  not  known  when 
detected  as  inclusions  in  metals  and  alloys. 

SCORIAE. —  (Ger.  Schlackenartiger  Korper,  Fr.  Scones.) 

Cinder  or  slags  from  metallurgical  processes. 

SEAM. —  (Ger.  Naht,  Fr.  Couture.) 

A  seam  is  a  longer  or  shorter  effect,  caused  by  a  blowhole  which 
working  has  brought  out  to  the  surface  and  not  ehminated  t 
usuallv,  or  always,  runs  in  the  direction  of  working.  Seams  a 
distinguished  from  laps  by  not  being  continuous;  they  are  usually 
onlv  an  inch  or  two  in  length  (Metcalf).  (Syn.  Ro 

SEGREGATION.  —  (Ger.  Ausscheidung,  Saigerung,  <r.  *  g  •) 

\  term  applied  to  the  more  fusible  parts  of  metals  and  alloys 
whih  a  e  last  to  freeze,  and  are  driven  into  certain  local  centres 
bv  the  metal  which  first  crystallizes..  Segregates  are  generally 
£UnS  near  the  centre  of  the  castings,  and  are  most  pronounced 

in  very  large  masses. 

SCoLRJsH.a°-(GefM«r),.g,  Fr.  Curst,,,*  «  £*> 

Cold-short  steel  is  weak  and  brittle  when  cold. 

Rcn-S^-CGer  •  a  red  heat. 

SKELETON  CRYSTALS.- (Ger.  Krys.allsM'Ur,  Ges.rickU  Perm", 

^The'facUntt™*  <*  crystallization  in  which  some  metals  or 

SLAG™NCLutoNS  -TSer.  *«** 

M>  Particles  of  slag  enclosed  in  a  metal. 

SLIP-BANDS.- (Ewing  and  R^an^  „  after 

strainin'*."'  Caused  by  slips  along  the  cleavage  or  gliding  planes  of 

the  crystalline  grains. 
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SOLID  SOLUTIONS. —  (Ger.  Teste  Losungen,  Fr.  Solutions  solidcs  — 
Van ’t  Hoff.) 

A  solid  solution  is  a  homogeneous  mixture  of  two  or  more  sub¬ 
stances  in  the  solid  state.  In  metals  no  one  has  yet  worked  at 
non-crystalline  mixtures,  and  solid  solutions  of  metals  when  crystal¬ 
line  are  solid  “  isomorphous  mixtures”  or  “mixed  crystals”  (Sir 
W.  Roberts-Austen). 

SOLIDIFIED  SOLUTION. —  (Ger.  Erstarrtc  Losung,  Fr.  Solution  con - 
gclce.)  ( See  “  Congealed  Solution.”) 

SOLUTION  PLANE.  —  (Ger.  Losungsflache,  Fr.  Direction  de  solution.) 

The  name  proposed  by  Von  Ebner  in  1814  for  a  plane  in  a 
crystal  along  which  it  is  most  easily  attacked  when  submitted  to 
chemical  action.  Such  solution  planes  are  commonly  observable 
on  acid  etched  surfaces  of  iron. 

SORLITE.  (Ger.  Sorbit,  Fr.  Sorbite  —  Osmond.) 

Sotbite  is  one  of  the  constituents  of  steel  which  is  a  transition 
between  the  troostite  and  pearlite  state. 


juptner  believes  that  in  all  probability  mis  is  a  suiuuon 
in  be,  and  perhaps  may  be  identical  with  troostite. 

It  might  almost  be  called  “  un-segregated  pearlite.”  Between  it 
e”  froostlte  or  sorbite  there  exists  no  sharp  line  of  demarcation. 

or  1  e  is  o  tamed  irregularly  by  a  cooling  sufficiently  slow  to 
“  transf°frmation  to  proceed  far  and  sufficiently  rapid  to 
tice  th^an  CCt  separat*on  ferrite  and  cementite.  In  prac- 

of  small6  C°n  iltl0nS  arC  rnore  or  ^ess  fulfilled  in  the  cooling  in  air 
theTecaleir  S,  ln  qUenching  in  cold  water  towards  the  end  of 

in  mo,i,en  icad-  ■" —  “d™we 
On  etching  tv,-  r  g  tempering)  martensite  to  a  blue  color. 

and  dilute  acids,  sorbit  is  TcAortd  °r  ^  i0dine 

SPHERULITIC  STRUCTURE  -  r  o"’": 

Structure  globulaire.)  Gef'  Spharolxthtsch<’  Struktur,  Fr. 

I  eculiar  to  vitreous  rocks  • 

cooled,  and  so  called  because  nf  1*  ,^utect,cs  of  all°ys  raPidly 
lites)  they  contain.  The  Htt  le.sma11  spherular  bodies  (spheru- 
seen  to  possess  a  divergent  fih,  V,CWed  under  a  microscope,  are 
common  in  the  raoidlv  S  I  5  Structure-  This  structure  is 
lead,  and  gold -Sd  *  CUteCtics  of  ^ad-tin,  antimony  - 

S  1  ELLA  1  E.  (Ger.  Stcrnformie  Fr  F  •; 

Radiating  from  a  centre  as  °tle'\ 

nch  in  tin,  in  which  the  definit  S°me  °f  the  coPPer-tin  allo>'s 
stellate  or  star-like  forms  Ti  •  C  coniPound  CuSn  crystallizes  in 

SURFACE  TENSION.- (Ger  n,  !,erm  might  be  discarded. 

t>crficielle.)  '  erflachenspannung,  Fr.  Tension  su- 

The  surface  of  a  liquid  h 

the  liquid  in  the  interior.  Th  »  ^rCater  cohesion  than  any  layer  of 
an  elastic  skin.  This  surfac^  SUr.ace  }s>  as  it  were,  stretched  by 
cohesion  of  the  liquid.  er*sion  is  greater,  the  greater  the 
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SURFUSION. —  (Ger.  Ucberschmclzung,  Fr.  Suffusion.) 

A  transitory  liquid  state  at  temperatures  below  the  normal 
freezing-point. 

TEMPER. —  (Ger.  Kohlungsgrad ,  Fr.  Degre  de  recuit.) 

Used  by  the  steelmaker,  it  means  the  quantity  of  carbon  present 
(Metcalf).  It  is  low  temper,  medium  or  high,  or  number  so-and-so 
by  his  shop-numbers.  Used  by  the  steel-user  or  by  the  temperer, 
it  means  the  color  to  which  hardened  steel  is  drawn — straw,  brown, 
pigeon-wing,  blue,  etc.,  etc.  Or  it  is  the  steelmaker's  measure  of 
initial  hardness,  and  it  is  the  steel-user  s  measure  of  final  hardness. 

Low  Temper. —  (Ger.  Weich.) 

Medium  or  High  Temper. —  (Ger.  Mittelhart ,  Hart.) 

Straw  Yellow. —  (Ger.  Strohgelb,  Fr.  Jaunc  paille.) 

Brown. —  (Ger.  Braun ,  Fr.  Brun.) 

Violet. —  (Ger.  Violett,  Fr.  Violet.) 

Blue. —  (Ger.  Blau ,  Fr.  Bleu.) 

Low  Temper  Steel. —  (Ger.  Weiches  Flusseisen.) 

Medium  Temper  Steel. —  (Ger.  Mittclliartes  Flusseisen.) 

High  Temper  Steel. —  (Ger.  Harter  Stahl  Flusseisen.) 

TENACITY. —  (Ger.  Zugfestigkeit,  Fr.  Tenacite .) 

The  resistance  to  rupture  presented  by  a  substance  whose  elastic 
limit  has  been  exceeded. 

TEMPERING  COLORS.  —  (Ger.  Anlauffarben,  Anlassfarbcn ,  Fr.  Cou - 
leurs  de  recuit.) 

These  are  the  colors  which  appear  on  iron  and  steel  surfaces 
when  slightly  heated  in  air. 

TROOSTITE.—  (Ger.  Troostit ,  Fr.  Troostitc.) 

This  constituent,  according  to  Osmond,  is  contained  in  steels  of 
various  carbon  contents  on  quenching  at  certain  temperatures.  It 
is  revealed  by  polishing  the  steel  on  parchment,  moistened  with 
a  solution  of  liquorice  root  or  nitrate  of  ammonia.  It  readily 
assumes  a  brown  color  by  such  treatment.  It  is  relatively  softer 
and  more  rapidly  acted  upon  by  acids  than  martensite.  Its  com¬ 
position  and  molecular  construction  has  not  been  determined. 

This  is  easily  recognizable  on  etching  with  hydrochloric  acid  (1 
cubic  centimetre)  in  alcohol  (100  cubic  centimetres).  It  colors 
dark,  while  martensite  remains  entirely  unaffected  in  color.  By 
reason  of  the  troostite  being  softer  than  the  surrounding  marten¬ 
site,  it  has  not  hitherto  been  obtained  in  tangible  form  (Martens 
and  Ileyn.) 

According  to  the  newest  researches  on  expansive  properties  by 
1J  Le  Chatelier,  this  is  an  intermediate  formation  which  occurs  on 
the  transformation  of  martensite  into  pearlite  and  vice  versa.  It  is 
very  likely  a  solution  of  the  carbide  C3Fe9  in  iron. 

TWINNED.  —  (Ger.  Verzwillingt,  Zwillingsbildung,  Fr.  Hemitrope, 

Maclc.) 

A  crystal  is  twinned  when  two  portions  of  the  same  individual, 
or  two  different  individuals,  are  related  to  one  another  according 
to  a  definite  law. 
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THE  FREEZING-POINT  CURVE  OF  BINARY  ALLOYS  OF 
LIMITED  RECIPROCAL  SOLUBILITY  WHEN  MOLTEN* 

By  H.  M.  HOWE 

IN  the  admirable  paper  of  Roberts-Austen  and  Stansfield,  “  La 
Constitution  des  Alliages  Metalliques,”f  they  show  a  figure 
which  I  now  reproduce  as  Fig.  i.  We  have  here  an  illustration 
of  the  danger  which  Le  Chatelier  has  pointed  out,  that  the  very 


Fig.  x.  Roberts-Austen  and  Stansfield. 


convenience  of  these  graphical  illustrations  may  cause  them  to 

mislead.  This  present  Fig.  i  might  mislead  in  a  way  that  I  will 
now  try  to  point  out : 

„„,!hffv  tlK  cont*nuat*on  d'Ce'  of  the  solubilitv  or  so¬ 
ot  Ilf,  ,Ah  T'"  iS  ',ere  Sh0"n  as  a  smooth  continuation 

mll  o  ill  J  "  “  Sl,'PPOSe  ,hat>  in  —  -  allov  of  ,« 

metals  of  limited  reoprocal  solubilitv  when  solid,  and  also  limited 

ago^r Febrla  ""  *'««  -cepting  the  la«  par- 


h.  Paris 


’  Rapports  Preserves  au  Prmrr,.'  x 

ris  en  1900,  I,  363  ^  International  de  Physique  Reum 
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reciprocal  solubility  when  molten,  the  solubility  curve  for  the 
molten  state  would  normally  and  naturally  b<£  a  smooth  continua¬ 
tion  of  the  same  curve  for  the  solid  state.  It  is  not  to  be  supposed 
that  this  was  the  writers’  meaning.  The  reciprocal  solubility  for 
the  molten  state  ought  really  to  be  very  much  greater  than  for  the 
solid  state,  so  that  the  curve  for  the  molten  state,  instead  of  being  a 
smooth  continuation  of  that  for  the  solid  state,  should  be  separated 
from  it  by  a  sharp  and  long  jog  like  f'M  and  OJ  at  the  upper 
freezing-point  line  (Fig.  2). 


Fit;  I  might  also  lead  the  hasty  reader  to  suppose  that,  in  case 
of  limited  reciprocal  solubility  when  molten,  as  shown  by  d  Ce , 
the  freezing-point  curve  would  nevertheless  be  of  the  sharp  under¬ 
scored  V-type  so  familiar,  or  in  other  words  that  the  hues  dC  and 
e'C  would  actually  be  present.  Now,  in  point  of  fact,  those  lines 
would  be  lacking  and  the  shape  of  the  freezing-point  curve  would 
be  that  given  in  Fig.  2  if,  to  take  the  simplest  possible  case,  we 
assume  that  the  solubility  curve  for  the  molten  state  cuts  the  two 
branches  AM  and  BJ  at  the  same  temperature,  as  is  readily  seen 

on  consideration.  ,  , 

For  simplicity  let  us  further  assume  that  each  of  these  two 
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metals,  A  and  B,  is  absolutely  insoluble  in  the  other  when  solid. 
In  this  case  the  lines  Af,  Fff',  BP  and  NPQ  would  disappear,  and 
the  curve  would  be  that  shown  in  Fig.  3-  Let  us  test  the  shape  of 
AMJB  by  following  the  freezing  of  three  different  alloys,  those 
with  R,  S  and  T  per  cent  respectively,  of  metal  B. 

Alloy  R. — This  in  cooling  would  begin  freezing  at  r  with 
the  solidification  of  metal  A  and  enrichment  of  the  mother  metal 
in  metal  B.  as  in  the  common  course  of  selective  freezing ;  so  that 
the  temperature  and  composition  of  the  mother  metal  at  sueces- 


7?  S  T 


B 


4  /  O  o 

B  o 


o  /I 
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Hg-,3;.1FreeZ:ng  point  curve  of  all°ys  Of  two  metals  of  limited  reciprocal 
solubility  when  molten,  but  complete  reciprocal  insolubility  when  solid. 

C  ase  i :  solubility  curve  cuts  both  upper  branches  of  the  freezing- 
point  curve  at  the  same  temperature. 


a  whole  in  any  ordinary  allov  as 


o  the  freezing  of  the  eutectic  as 
soon  as  the  eutectic  composition 
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and  freezing  point  are  reached.  At  each  instant  during  the  select¬ 
ive  freezing  from  r  to  M  the  mother  metal  has  been  at  its  then 
freezing  point,  and  it  has  avoided  freezing  as  a  whole  by  ejecting 
from  itself  part  of  the  excess  or  solvent  metal  A,  and  so  becoming 
enriched  in  the  dissolved  metal  B,  and  thereby  acquiring  a  lower 
freezing  point.  This  can  go  on  only  so  long  as  selective  freezing 
is  capable  of  leading  to  an  alloy  of  a  lower  freezing  point.  Now 
this  possibility  ceases  when  the  temperature  and  composition  of 
the  mother  metal  reach  M,  for  that  is  by  assumption  the  freezing 
point  of  the  most  fusible  alloy  of  the  series.  Indeed,  no  possible 
shifting  of  composition  of  the  mother  metal  could  further  defer 
freezing.  Moving  it  to  the  left  would  make  it  still  more  infusible ; 
moving  it  to  the  right  would  simply  split  it  up  into  a  mechanical 
mixture  of  (1)  an  alloy  of  composition  M  and  (2)  another  alloy 
of  composition  J,  both  infusible  at  the  existing  temperature. 

(2)  Alloy  S.  On  cooling  to  M,  this  alloy  would  be  in  the 
condition  in  which  the  mother  metal  was  at  temperature  M  in  the 


case  of  alloy  R,  and  would  freeze  there  as  a  whole  for  the  same 
reason. 

(3)  Alloy  T.  On  cooling  past  C  the  molten  alloy  splits  up 

into  two  saturated  conjugate  solutions  (1)  of  B  in  A,  and  (2)  of 

A  in  B ;  the  composition  of  these  shifts  during  further  cooling, 

following  the  curves  CM  and  CJ,  till  on  reaching  temperature 

M  these  allovs  have  respectively  composition  M  and  composition 

J.  and  each  is  therefore  at  its  freezing  point.  Each  therefore 

gins  freezing,  M  by  the  deposition  of  crystals  of  A,  and  J  y 

deposition  of  crystals  of  B.  The  temperature  cannot  sink  be  ow 

M  until  the  whole  has  frozen,  because  there  is  no  single  alloy 

of  these  two  metals  possible  at  this  or  any  lower  temperature 

with  composition  intermediate  between  M  and  T,  and  beca 

the  existing  temperature  is  at  or  below  the  freezing  point  of 

M  and  every  allov  at  its  left,  and  that  of  J  and  every  alloy  at  its 

right  This  completion  of  the  freezing  at  M follows  also  from  the 

nhase  rule  for  once  the  freezing  of  either  M  or  J  with  separation 
phase  rule,  tor  o  system  is  invariant,  there  being 

lCsTh  ephast  OUoysM  and  J  molten,  and  metal  A  or  B  solid), 
with  only  two  constituents  A  and  B.  Because  of  this  invariance, 
the  temperature  cannot  (in  equilibrium)  sink,  until  the  number 
of  phases  has  fallen  to  two,  metals  A  and  B,  by  the  elimination 
ot  M  and  J.  Only  thus  will  the  system  become  monovariant: 
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Degree  of  liberty  =  No.  of  constituents  (2)  -f-  1  —  No.  of 
phases  (2)  =  1. 

Case  2.  If,  as  in  the  diagram  of  Roberts-Austen  and  Stans- 
field,  the  solubility  curve  cuts  the  two  branches  of  the  V  or  upper- 
freezing-point  curve  at  different  temperatures,  then  the  freezing- 
point  curve  assumes  the  peculiar  shape  shown  in  Fig.  4,  as¬ 
suming  as  before  for  simplicity  that  when  solid  each  metal  is 
absolutely  insoluble  in  the  other.  Here  the  upper  freezing  points 
for  alloys  containing  between  70  and  100  per  cent  of  A  are  rep- 


soliihilit  point  cur\e  of  alloys  of  two  metals  of  limited  reciprocal 

>  "  ,en,  m°  ten’  kut  complete  reciprocal  insolubility  when  solid, 
ility  cur\e  cuts  the  upper  branches  of  the  freezinc;- 
pomt  curve  at  different  temperatures. 


of  A^bv  BT  tud .those  for  all°ys  between  o  and  20  per  cent 

will  be  on  the  lh.es  TM^d  jT'f  ‘T*  **  t"'°  “t""* 

position,  containing  between  In'  anH^, ^  intermed‘ate  ' 
freezing  point  is  TK'M  1  ,  /0  per  cenf  °f  tPe  uppL 

T(T test  this  le,  „s  foU„  ^  °Wer  *«***«  Poi'«  is 
containing  respectivelv  G  F  H*  “frf  °£  3  feW  different  ^ 
Alloys  G  and  F.  Tl-  ,  a°C  ^  per  cent  of  n,etal  B- 
M  and  at  the  left  of  1U  ;  ?.  S  lapC  0i  Ble  freezing-point  curve  at 

lished  the  corresponding  part^of  ^  ^  Same  reasoninS  that  estabf' 
Fig.  3.)  55  Part  of  FlS •  3-  (See  alloys  R  and  S  of 

AUOi  "  “  3  m0“en  SO,ulion  of  B  in  A,  which  on  cooling 
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to  the  critical  curve  becomes  saturated,  and  on  passing  below  the 
critical  curve  splits  up  into  two  conjugate  saturated  molten  solu¬ 
tions  (i)  a  large  quantity  of  a  solution  of  B  in  A,  and  (2)  a 
small  quantity  of  the  solution  of  A  in  B.  When  the  temperature 
has  fallen  to  L,  alloy  1  will  contain  L'  per  cent  of  B  dissolved 
in  ioo-L'  per  cent  of  A,  and  alloy  2  will  contain  100-L"  per  cent 
of  A  dissolved  in  L"  per  cent  of  B.  When  the  temperature  falls 
to  K,  alloy  1  will  contain  K'  per  cent  of  B  dissolved  in  100-IC'  per 
cent  of  A,  and  alloy  2  will  contain  100-J  per  cent  of  A  dissolved  in 
J  per  cent  of  B.  In  short,  the  composition  of  these  two  alloys  will 
be  K'  and  J  respectively.  Alloy  J,  however,  will  now  be  at  its 
freezing  point,  and  without  further  fall  of  temperature  it  will 
begin  freezing. 

In  the  freezing  which  now  takes  place  alloy  J  should  in  effect 
deposit  only  metal  B,  as  we  see  on  trying  to  imagine  the  contrary. 
Suppose  that  the  first  flake  of  alloy  J  in.  freezing  at  J  does 


so  without  -selection,  i.  e.,  that  it  deposits  a  flake  of  composition 
J.  As  metals  A  and  B  by  assumption  are  insoluble  in  each  other, 
this  first  flake  must  (if  equilibrium  be  reached),  break  up  into 
particles  of  pure  B  and  separate  particles  of  pure  A.  But 
these  pure  particles  of  A,  exposed  as  they  are  in  the  \  ery  act 
of  freezing  to  alloy  K',  which  is  a  saturated  solution  of  B  in  A, 
should  immediately  remelt  and  reenter  alloy  K ,  since  the  alloy 
which  their  re-melting  would  create  is  fusible  at  the  existing  tem¬ 
perature  because  it  has  more  than  K'  per  cent  of  A,  i.c.,  because 
its  composition  lies  to  the  left  of  K'.  This  re-melting  then  would 
give  us  two  molten  alloys,  alloy  J,  and  an  alloy  w  ith  composition 
to  the  left  of  K'.  But  as  the  mean  composition  of  the  mother 
metal  would  still  be  between  J  and  K'  it  would  immediately  re¬ 
arrange  itself  into  a  mechanical  mixture  of  two  alloys  of  com¬ 
position  J  and  K'  respectively.  The  effect  of  the  freezing  and 
re-melting  which  have  taken  place  at  temperature  J  thus  would  be 
to  eliminate  from  the  molten  mass  a  small  quantity  of  metal  B, 
and  so  to  shift  the  composition  of  the  mother  meta  from  K 
toward  IC.  But  for  any  composition  at  temperature  J  and  any 
point  between  IC'  and  J.  the  mother  meta  will  be  a  mixture  of 
alloy  K'  and  T  so  that  as  regards  further  freezing  of  alloy 
T  we  have  exactly  the  same  condition  that  we  had  before  the 
first  flake  began  to  freeze.  Following  this,  flake  by  flake, 
we  see  that  what  really  happens  is  that  metal  B  begins  freezing 
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out  at  constant  temperature,  and  that  the  composition  of  the 
mother  metal  progressively  travels  from  K  to  K',  which  means 
that  the  quantity  of  alloy  J  is  constantly  diminishing  and  that  of 
alloy  K'  is  constantly  increasing  until,  when  the  composition 
reaches  K',  the  whole  of  alloy  J  has  been  removed  by  the  freezing 
out  of  the  metal  B,  and  the  mother  metal  now  consists  exclusively 
of  alloy  K'.  The  temperature  will  thus  remain  constant  during 
this  freezing  out  of  alloy  J. 

Indeed,  this  constancy  of  temperature  during  the  freezing  out 
of  alloy  J  follows  from  the  phase  rule.  For,  when  the  first 
flake  of  metal  B  has  frozen,  the  system  has  become  invariant, 
having  three  phases,  alloy  J  and  alloy  K'  molten,  and  solid  metal 
B ;  the  temperature  therefore  cannot  further  descend  until  one 
of  these  phases  has  been  eliminated.  That  to  be  eliminated  is 
clearly  alloy  J,  through  the  progressive  freezing  out  of  metal  B, 
until  the  residual  molten  mother  metal  has  been  reduced  to  a 
single  member,  alloy  K'.  The  system  then  becomes  monovariant, 
since  it  is  di-phase,  molten  alloy  K'  and  solid  metal  B,  and  contains 
two  constituents,  metals  A  and  B. 


Now  that  the  mother  metal  consists  solely  of  an  alloy’  of  com¬ 
position  K'  the  temperature  will  again  begin  to  fall.  As  it  falls, 
t  e  mother  metal  becomes  super-saturated  with  metal  B,  and 
consequently  the  excess  of  metal  B  keeps  freezing  out,  and  this 
tHe  temperature  falls  to  M,  so  that  during  this 

allnv  f  temperat;ire  and  composition  of  the  mother  metal. 

Z  ’  s,multaneously  slide  along  the  solubility  curve  from  K' 
to  M.  Then  the  mother  metal  will  freeze  unselectively ,*  like  any 


to  suppose  the  opposite,  ie  that  it  "  "  ,s  scen  r“dll>’  »"  *1* 

occur  only  through  a  selection  which  Selectlve’  Selective  freezing  can 
point  lower  than  the  existing  g'VeS  t0  the  mother  metal  a  freezlllg 
occur  through  the  freezing  out  ^™perature-  Rut  such  selection  cannot 
move  the  composition  to  the  left  n  °/  metal  B’  because  that  would 

infusible.  The  freezing  on  the  otl  T™  make  the  mother  metal  more 
the  sense  that  metal  A  freezes  out  Z  mnd  cannot  be  made  selective  in 
saturated  solution  of  30  per  cent  of  ^Cause  tbe  mother  metal  is  already  a 
quantity  of  A  would  give  a  solution  7°  PCF  Cent  °f  A'  Reducing  tlie 
ing  for  the  instant  that  it  was  mom  SUpersaturated  with  B,  which,  assuni- 
mixture  of  solutions  containing  r  Z”  •  y  molter>,  would  split  up  into  a 
cent  of  A.  But  each  of  these  woIihfT^  M  and  J  (7°  and  2o)  per 
temperature  is  at  its  freezing  point  T  torthwith  freeze,  M  because  the 
its  freezing  point.  '  J  because  the  temperature  is  below 
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eutectic,  simply  because  no  selective  form  of  freezing  can  post¬ 
pone  complete  freezing.  In  freezing  the  eutectic  will,  like  any 
other,  split  up  into  its  components  A  and  B,  assumed  to  be  insolu¬ 
ble  in  each  other  when  solid. 

Thus  for  composition  H  we  have  two  freezing  points:  K 
and  K".  The  same  would  be  true  of  any  alloy  of  composition 
between  R  and  N.  For  alloys  between  R  and  F,  the  upper  freez¬ 
ing  point  will  be  on  the  line  K'M  and  the  lower  freezing  point 
will  be  on  the  line  MJ'. 

This  then  gives  us  the  freezing-point  curves  between  F  and 
N,  viz.,  for  the  upper  freezing  point  MK'J  and  for  the  lower 
freezing  point  MJ'. 

Alloy  Q. — The  series  of  alloys  between  N  and  B  will  have 
for  the  upper  branch  of  the  freezing-point  curve  BJK  M,  and  for 
the  lower  branch  J'S.  Taking  for  instance  alloy  Q,  it  will  begin 
freezing  selectively  by  the  solidification  of  the  excess  or  solvent 
metal  B ;  and  the  composition  and  temperature  of  the  mother 
metal  will,  as  in  all  like  cases,  slide  from  Q  to  J.  But  as  the  tem¬ 
perature  starts  to  descend  below  J,  the  composition  of  the  motliei 
metal  crosses  the  solubility  curve,  and  the  mother  metal  therefore 
splits  up  into  a  mechanical  mixture  of  two  alloys  of  compositions 
K'  and  J  respectively.  Of  these  J  is  already  at  its  freezing  point, 
and  therefore  freezes.  But,  exactly  as  in  all  cases  of  the  freezing 
of  binary  alloys  of  complete  reciprocal  insolubility  when  solid, 
and  as  explicitly  set  forth  in  the  second  paragraph  of  our  con¬ 
sideration  of  alloy  H,  it  is  only  metal  B  which  will  freeze  out, 
so  that  the  composition  of  the  mother  metal  begins  to  slide  to 
the  left  along  JK'.  But  we  now  have  the  same  condition  of 
affairs  as  in  "the  freezing  of  alloy  H,  viz:  an  invariant  system 
consisting  of  (i)  alloy  J,  and  (2)  alloy  K',  both  molten,  and  (3) 
metal  B  solid;  and,  for  the  same  reason  as  in  case  of  alloy  H, 
the  temperature  of  the  mother  metal  remains  constant  until  its 
composition  reaches  K',  when,  by  the  complete  elimination  of 
alloy  J  it  has  become  monovariant.  Then  the  temperature  and 
composition  as  before  slide  from  K'  to  M,  where  the  eutectic 
freezes  as  a  whole,  i.e.,  without  further  selection. 

The  branch  TMJ'S  will  extend  clear  to  the  right-hand  side 
of  the  diagram,  because,  thanks  to  the  assumed  complete  insolu- 
bilitv  of  A  in  B  when  solid,  only  pure  metal  B  freezes  out  as  the 
temperature  and  composition  of  the  mother  metal  slide  along  the 
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lines  BJ,  JK',  and  K'M.  This  freezing  out  of  B  and  enrichment 
of  the  mother  metal  in  A,  having  nothing  to  arrest  them,  will 
continue  until  the  mother  metal  reaches  composition  M  with  its 
70  per  cent  of  A ;  so  that  a  finite  quantity  of  the  eutectic  M  will 
form  no  matter  how  small  the  initial  quantity  of  A,  and  this 
eutectic,  freezing  when  temperature  and  composition  M  are 
simultaneously  reached,  will  give  rise  to  the  lower  freezing  point 
on  the  line  TS. 

It  is  assumed  throughout  this  note  that  the  conditions  are 
those  of  complete  equilibrium,  and  the  infktence  of  lag  and  in¬ 
deed  of  every  disturbance  of  equilibrium  is  neglected. 
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THE  younger  generation  of  steel  metallurgists  rightly  look 
upon  Professor  Tschernoff  as  the  originator  of  the  sci¬ 
entific  investigation  of  the  properties  and  structure  of  steel.  His 
memoirs  describing  the  results  of  his  admirable  work,  published 
as  early  as  1868,  will  long  remain  classical  and  will  long  serve 
as  models  of  clearness  and  logic  to  students  in  metallurgy. 

Dimitry  Tschernoff  was  born  in  St.  Petersburg  October  8, 
1839.  After  graduating  from  the  Institute  of  1  echnology  of  that 
city  in  1858,  he  studied  three  years  in  the  department  of  mathe¬ 
matics  of  the  University  of  St.  Petersburg.  He  was  then  appointed 
tutor  at  the  University,  and  taught  algebra  and  geometry  for  a 
few  years.  In  1863  he  became  assistant  librarian  at  the  Institute 


of  Technology.  , ,  , 

In  1866  Professor  Tschernoff  left  the  field  of  pure  science 

to  accept  an  offer  of  Colonel  Oboukhoff  to  take  charge  of  the 
department  of  heavy  forgings  at  the  Oboukhoff  Steel  Works, 
near  St,  Petersburg,  It  is  during  his  connection  with  these  works 
that  he  conducted  his  famous  researches  dealing  with  the  influence 
of  thermal  treatment  upon  the  structure  of  steel  and  with  the 
relation  between  the  structure  and  the  physical  properties.  H. 
new  but  sound  theory  was  applied  to  the  manufacture  of  steel 
nuns  and  resulted  in  immediate  anil  great  improvements.  He 
also  t™k  an  active  part  in  the  development  of  the  other  depart- 
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ascertain  the  definite  cause  of  the  weakness,  whether  chemical 
or  physical. 

Up  to  the  present  time  about  200  defective  rails  have  been 
examined.  In  some  cases  complete  chemical  analyses  have  been 
made;  in  others  the  loose,  coarse-grained  fracture  or  other  physical 
character  —  such  as  piping  —  showed  the  cause  at  a  glance,  and 
in  still  others  a  rather  elaborate  investigation  was  necessary  to 
prove  the  matter  to  a  certainty. 

It  is  evident,  of  course,  that  condition  and  arrangement  of 
track  has  an  important  bearing  upon  durability  of  rails,  and  this 
matter,  as  we  all  know,  has  been  worked  out  exhaustively  by 
Dr.  P.  H.  Dudley.*  Our  experience,  however,  indicates  that  in 
the  large  majority  of  cases  with  normal  track  conditions,  short 
life  of  rails  is  attributable  to  the  character  of  the  steel,  and  is 
seldom  found  where  toughness,  strength  and  solidity  exist. 

In  a  general  wav,  the  results  of  analysis  in  this  investigation 
ha\e  mereh  confirmed  the  previous  opinion,  and  have  proved 
x:\ond  question  that  specifying  chemical  composition  alone 
ensures  neither  a  durable  rail  nor  often  a  bad  rail.  We  found, 
owever,  from  the  start  a  marked  difference  in  the  structures, 

and  note  the  following  general  characteristics  in  the  rails  which 
gave  defective  service: 

diameters)".^"56  gramtIar  structure>  Figs.  I  and  8  (50 

enrl  iipi  Excess  of  foreign  matter,  such  as  oxides,  slag  and 
enclosed  gas  Fig.  2  (reduced  50  per  cent) . 

_  ither  character, she  res^te,,  in  relatively  poor  service. 

givine-  satisf°  ’•  rads  tbe  same  general  composition 

SteriLSn* h  7  SCrV1Ce’  WC  have  found  (0  a  generally  fine, 
interlocking  broken  up,  granular  form,  with 

will  be  referredto  IgTinTeofr°m  matter‘  F'R'  3’  which 

structure,  and  Fi<r  4  s!  ’  PrC?ntS  a  Coarse  examPle  of  this  f,ner 
reduced  54  per  cent  shox  -*  *  charactenstic  structure  of  the  head, 
Upon  co lr ^  ng  freedom  fr°m  foreign  matter, 

mill  inspections  we*found  ^  r,CSUltS  With  those  obtaincd  in  0111 
the  character  a  .  rioved  ,' ^  aCC0r"a"«.  for  the  rails  of 

of  2,000  pounds  falling  20  f ' T  "'f  y  fraglle  under  the  drol’‘test 
center  of  head  o-av^  7  i  .’  ^  section  of  rail,  Fig.  2,  from 

~/r/7/T~W — —  C -n-gatl0n  of  only  2  per  cent  in  a  2-inch 
Bulletin  Intcruatirmni  - - - - 
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section,  with  tensile  strength  of  118,000  pounds  per  square  inch 
The  analysis  of  these  rails  varied  from : 

Carbon,  .55  to  .63  per  cent ;  phosphorus,  .075  to  .104  per  cent; 
manganese,  .75  to  1.20  per  cent,  and  sulphur,  .034  to  .07  per  cent. 

In  contrast  to  this,  rails  when  of  the  structure  c  -  d.  with 
the  above  composition,  showed  a  marked  toughness  under  the 
drop-test,  and  rail  Fig.  4  stood  fourteen  blows  of  the  drop  without 
fracture,  turning  after  the  first  and  third  blows,  and  successive 
odd  numbers.  The  composition  was  :  carbon,  .644  per  cent :  man¬ 
ganese,  1.09  per  cent;  phosphorus,  .081  per  cent:  sulphur,  .076 
per  cent,  and  a  test  piece  from  a  similar  rail,  center  of  head, 
gave  an  elongation  of  13  per  cent  in  2  inches,  with  tensile  strength 
of  132,000  pounds  per  square  inch. 

These  marked  differences  were  not  at  all  unexpected,  for 
they  simply  confirm  the  work  of  others.  Mr.  J.  E.  Stead,  for 
instance,  says:*  “  It  is  clear  that  the  junctions  (of  the  grains) 
are  a  safeguard,  and  the  more  junctions  there  are.  the  more 
reliable  will  the  steel  be/’  And  again, 7  “  it  would  seem  to  follow, 
t  leii,  t  at  the  smaller  and  finer  the  grain,  the  safer  the  structure. 
1  his  coincides  with  the  researches  of  Brinell,  Sauveur  and  others. 

*n  order  to  find  out  how  these  results  tallied  with 
lose  o  practical  track  service,  we  made  a  comparison  upon  a 

°i  f  af°iUt  V'  fa^S  "ddcb  tractured  in  track,  each  having  had 
^  C  °  e.S.S  i  ian  t'%e  -vears-  They  came  from  different  points 
above  °U  A  mes’  and  ^ad  approximately  the  composition  stated 
of  thera^  ““ u 7  ^  di£fcroit  mills  were  represented,  but  all 
or  of  “ Wr  -f°UPed  Under  the  head  of  “  coarse-grained,” 

class  to  a  has’ ^  f"1’  Up°n  figurinS  the  fractures  in  each 

an  average  of  (tonn^  during  the  five  years,  we  found 

to  one  fracture  of  the  reTaUveE  f  COarse^rained  material 
of  fracture  of  the  latter  we  f  lller~grained,  and  in  each  ca>e 
Pipes  in  the  « 1,"  «*•  was  d„e  .0 

course,  applies  strictly  only  to  ao  Tf  ^  ThlS  comParison’  °f 
that  the  same  conditions  U  fu  fracture-  but  it  is  well  known 
contribute  to  rapid  wear  in  * 1  7**  haVC  Produced  fracture  also 
“As  I  have  ^  *  R  Dud^  ^ 

- - - ’  * le  most  serviceable  rails  have  a 

t  'zz !  lz  zi  fr',  rr‘- '**■  n»-  *•  ■* 

*  —  <  /.  -  *• 
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fine  structure  and  small  mineral  aggregates,  though  in  many 
cases  the  so-called  chemical  composition  is  identical.” 

In  our  own  work  upon  bearing  metals*  we  have  invariably 
found  these  conditions  true,  namely,  coarse  grain  and  presence 
of  foreign  matter  result  in  relatively  rapid  wear  in  service. 

Turning  now  to  the  influence  of  mill  methods  upon  the  size 
of  grain,  during  the  past  ten  years,  marked  progress  has  been 
made  in  knowledge  regarding  the  metallurgy  of  steel,  and  thanks 
to  the  work  of  efficient  investigators,  the  general  relations  between 
structure  of  steel  and  its  physical  properties  are  so  clearly  proven 
that  cause  and  effect  in  many  conditions  of  mill  practice  have 
become  matters  of  definite  certainty.  The  cause  of  coarse  granular 
form  is  clearly  shown  in  Prof.  Sauveur’s  valuable  papers  of  1893 
before  the  American  Institute  of  Mining  Engineers, f  and  of  1899 
before  the  Iron  and  Steel  Institute.^  Proposition  V  of  the  latter 
states :  “  The  higher  the  temperature  above  W  from  which  the 
steel  is  allowed  to  cool  undisturbedly  the  larger  the  grains,”  and 
reposition  \  I,  The  slower  the  cooling  from  a  temperature 
axne  It  the  larger  the  grains.  ’  In  other  words,  stopping 
thorough  working  of  the  steel  while  material  Ur  the  rera- 


P-  731. 
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whether  the  rail  has  been  rolled  at  a  suitable  temperature. . . . 
The  relative  amounts  of  the  pearlite  and  ferrite,  as  well  as  the 
relative  dimensions  of  the  respective  granules,  afford  very  valu¬ 
able  indications  as  to  the  qualities  of  the  rail  and  its  probable 
durability.* 

It  will  thus  be  seen  that  the  unsatisfactory  results  which 
our  service  tests  show  with  this  coarse  granular  structure  are 
merely  the  natural  accompaniments  of  such  character,  and  the 
entire  investigation  proves  clearly  the  immense  practical  advantage 
in  the  betterment  of  quality  which  is  being  derived  from  the 
researches  of  metallurgists  and  metallographists,  especially  during 
the  past  decade. 

The  mills  have  not  been  slow  to  recognize  the  need  of  fine¬ 
grained  structure  in  the  heavier  sections,  and  during  recent  years 
great  efforts  have  been  made  to  effect  the  change,  and  much 
progress  has  followed.  At  first,  attention  was  directed  merely 
to  the  finishing  temperature ;  that  is,  the  temperature  at  which 
the  rail  came  through  the  last  pass,  without  particular  regard 
to  the  initial  temperature  of  the  ingot  or  bloom.  In  fact,  high 
initial  temperatures  tended  to  prevail  out  of  deference  to  the 
rolls,  especially  where  these  were  light,  or  where  the  power  was 
limited,  and  under  such  conditions  it  became  necessary  to  io 
the  rails  before  running  through  the  last  passes,  in  order  to  ini. 
at  the  desired  temperature.  The  result  of  this  proce  ure,  as 
pointed  out  by  Mr.  S.  S.  Martin  recently ,f  was  to  produce  a  me 
granular  form  to  the  depth  to  which  the  v  or  un^  o  ie  s 
extended  during  these  last  passes,  or  to  a  c  ept  o  rom  ,  8 

lA  inch  below  the  surface  of  the  head. 

Our  own  studies  had  proved  the  correctness  o f  this  state- 

mem,  and  further  showed  that  the  size  of  gram  a i  center '  ofhea 

was  but  little  affected  by  such  treatmen  ,  as  ,  ' 

<?> 

I'l'TecTJ  ncrease  ’in  durability  in  service.  The  character 
an>  verj  decide  ge  irregular  structure,  but  one  fairly 

"hie  even  Tt  the  center  of  head,  and  practically  amorphous  at  the 
surface;  just  such  a  structure,  in  fact,  as  we  fmd  m  the  rads 

- T  EngSr  Go*.  Report  on  "Loss  of  Strength  in  Steel  Rails,” 

,900'  t ' '*»  Age,  Dec.  26,  tpol ;  The  MetoUotraphist,  July,  1902. 
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of  lighter  sections  rolled  before  the  heavier  sections  came  into 
use.  Fig.  6  (50  diameters)  represents  the  structure  at  center 
of  head  of  a  67-pound  rail  which  was  rolled  and  laid  in  1864, 
and  which  withstood  thirty-four  years’  heavy  traffic,  and  since 
then  has  been  in  use  in  side  track.  The  analysis  is : 


Carbon 
Phosphorus 
Manganese 
Sulphur 
Silicon  . 


•33  per  cent. 

.039  “  “ 

.390  “ 

.030  “  “ 

.070  "  “ 


Fig.  7  (reduced  64  per  cent)  represents  the  appearance  of 
this  rail  in  1898,  etched,  and  shows  that  it  had  evidently  been 
greatly  worn  from  its  original  section,  and  contained  a  pipe  in 
the  web.  The  metal,  however,  has  not  “  flowed  over  ”  upon  the 
side  of  the  head,  although  the  steel  is  comparatively  soft.  In 
explanation,  however,  it  is  to  be  noted  that  the  head  is  almost 
free  from  foreign  matter,  and  that  the  structure  even  at  center 
of  head  is  exceedingly  fine. 

Flowing  over  ”  has  been  found  by  us  to  be  practically 
independent  of  the  composition,  and  caused  generally  by  unwelded 
seams  due  to  presence  of  foreign  matter  in  the  steel.  In  1890 
Dr.  C.  B.  Dudley  stated*  that  his  studies  of  such  rails  “  would 
seem  to  indicate  that  disintegration  or  crushing  of  steel  is  largely 
a  resultant  of  lack  of  soundness  in  the  ingot,  and  is  more  mechan¬ 
ical  than  chemical,  except  in  so  far  as  chemistry  may  be  responsible 
for  the  soundness  of  the  ingot.”  In  some  cases,  however,  we  have 
ound  almost  complete  freedom  from  foreign  matter,  but  in  each 
such  instance  a  coarser  granular  structure  was  present.  Dr.  P.  H. 
uc  e>  a  so  states  .y  The  mineral  aggregates  are  large  and 

ria  e,  and  the  surface  of  the  rail  breaks  down  more  than  1/3> 
of  an  inch  in  depth,  readily  flowing  under  wheel  pressures.” 

frnm’tr  °  establlslleci  that  such  condition  may  arise 

of  the  metV  Wea  ness  ^ue  to  anY  cause,  whether  unsoundness 
or  form  that-'tl"^  ’C.°arse  structure,  or  even  such  composition 
flattened.  ^  ^  1S  Unable  to  suPP°rt  the  load  and  becomes 

excellent  seTyi^Vta  ^‘P°Und  rai1’  Fi"s-  6  and  7,  which  gave 
- - 1 _  composition  is  exceptionally  free  from 

I  r  1  M\  E ”  l890’  XIX-  P-  893. 

’  Trans ■  A •  M-  E.  1893,  XXIII,  p.  650. 
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defects.  It  is,  however,  a  matter  of  common  experience  every¬ 
where  that  the  composition  of  these  old  rails  of  light  sections 
is  exceedingly  irregular.  As  Captain  Robert  W.  Hunt  expressed 
it  last  year  before  the  American  Institute  of  Mining  Engineers,* 
«  they  were  high  in  carbon  and  low  in  carbon ;  high  in  manganese 
and  low  in  that  element ;  high  in  phosphorus  and  higher  in  phos¬ 
phorus  ;  but  they  all  gave  good  service.”  One  such  rail  taken 
from  our  tracks  contained  .160  per  cent  phosphorus  with  .44  per 
cent  carbon,  but  still  had  given  long  service.  The  one  charac¬ 
teristic  common  to  all  of  these  rails  is  that  of  fine  granular  struc¬ 
ture;  in  fact,  it  was  necessitated  by  the  conditions  under  which 
they  were  rolled,  for  the  steel  was  thoroughly  worked  well  down 
toward  the  recalescent  point. 

In  order  to  note  the  exact  influence  of  structure  upon  quality, 
we  took  at  random  from  a  heat  which  passed  the  drop-test  a  rail 
having  the  following  composition : 


Carbon 
Phosphorus 
Manganese  . 
Sulphur 
Silicon 


.56 

.102 

1.08 

.056 

.147 


per  cent. 

U  « 

a  « 
a  “ 
u  it 


turned  down  a  section  at  center  of  head  and  obtained  the  following 


results : 

Tensile  strength  . 
Elongation  in  2  in. 
Reduction  of  area  . 


128,400  lbs.  per  sq.  in. 

8V2  per  cent. 

.  3*4  “  “ 


The  structure  (50  diameters)  at  center  of  head  ts  shown  m 
Fig.  8  and  the  etched  head  (reduced  50  per  cent)  m  F.g.  9- 
Tlfe  former  is  very  coarse,  but  the  latter  ts  tolerably  free  from 

'"‘An  joining  portion  of  the  same  rail  was  then  reheated 
to  a  cherrv  red.  and  let  cool  at  once  in  the  am.  A  test  sect, on 
was  then  turned  from  the  center  of  head,  havmg  a  structure  5° 
diameters)  represented  in  Fig.  to.  and  gave  the  follow, ng  results: 


Tensile  strength  . 
Elongation  in  2  in. 
Reduction  of  area  . 


129,500  lbs.  per  sq.  in. 

12  per  cent. 
10.1  “  “ 


*  Trans.  A.  /.  M.  E.,  Richmond  meeting,  Feb.,  1901. 
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It  is  thus  seen  that  the  change  shown  in  the  structure  has 
caused  an  increase  of  strength,  an  increase  of  nearly  fifty  per  cent 
in  elongation,  and  an  increase  of  nearly  threefold  in  reduction 
of  area,  fully  accounting  for  the  marked  difference  observed  in 
service  between  the  coarser  and  the  finer  structures,  respectively. 
As  Mr.  William  R.  Webster  stated  at  the  Paris  Congress  of  the 
International  Association  for  Testing  Materials,  in  1900:*  “The 
matter  of  vital  importance  is  to  work  steel  in  such  manner  that 
it  is  not  put  in  service  with  this  coarse  grain.” 

In  the  foregoing  we  have  seen  that  coarse  granular  struc¬ 
ture  seriously  weakens  steel,  and  that  brittleness  under  the  drop- 
test  is  found  when  in  addition  the  metal  is  “  burned  ”  or  contains 
an  excess  of  foreign  matter.  The  result  of  a  large  number  of 
tests  further  proves  that  fracture  under  the  drop-test  seldom 
occurs  if  the  steel  is  homogeneous  and  free  from  foreign  matter. 
In  other  words,  mere  ability  of  rails  of  this  composition  to  with¬ 
stand  the  drop-test  is  no  guarantee  of  fine  granular  structure,  and 
consequently  other  tests  of  quality  are  essential  to  necessitate 
ura  nit\ .  Figs.  1  and  8  represent  rails  of  coarse  granular 
structure  which  passed  the  drop-test  with  good  deflection,  but 
such  rails  do  not  give  satisfactory  service. 

The  foreign  matter  which  produced  brittleness  was  gen- 
oun  m  fine  particles  or  lines  scattered  throughout  the 
1'  fiA  prominent  within  y2  inch  from  the  surface 

elements  f  ^  an^  Caused  a  series  of  unwelded  seams  — 
that  of  F'°  Wea_ness>  The  appearance  was  usually  similar  to 
*  Si*  ,r "  "'hich  did  n0t  fracture  the  drop-.es, 

enclosed  m-itt™  *fre  folmi3  comParatively  free  from  this 
in  tme  ca  “""S  °Uter  Porti<’"  of  the  head,  though 
web.  Still  the  C.°11SU  erable  proportion  was  found  nearer  the 

outside  of  the  head ^ave'siiffic-'T^T0118  material  around  ,he 

it  to  resist  the  force  of  the  dr  t°,«hness  to  the  rail  to  enable 

note  that  an  excessTve  p  of  f"  °f  “ 

not  cause  failure  under  the  dron  te  .  ^  mat‘er  "*? 

is  comparatively  fine  s;nr~  t]  °P_t  *  ln  (;ases  where  the  Srain 
mav  offset  the  weakness  ^  s*rength  incident  to  such  structure 
came  under  *  **  A  «*•*  ~ 

rails  had  been  rolled  and  1  a  g  a^°‘  A  lot  of  9<>Pound 

and  had  passed  the  drop-test  without  a 

*  Engineering,  August' 10,  1900,  pT^T 
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single  failure,  and  the  average  structure  was  somewhat  finer  than 
that  represented  in  Fig.  3.  After  being  in  tracks  for  a  few  months 
a  number  of  the  rails  began  to  flow  over  and  break  down  under 
the  heavy  traffic  to  such  an  extent  that  replacement  became 
necessary.  Upon  inspecting  the  track  we  found  that  some  of  the 
rails  from  the  same  rolling  were  in  good  condition,  showing  little 
wear,  while  others  next  to  them  were  badly  broken  down,  often 
along  the  entire  length.  The  defective  rails  were  not  confined 
to  any  one  heat,  but  were  scattered  throughout  the  rolling. 
Sometimes  the  outside  edge  of  a  rail  was  broken  down,  and  some¬ 
times  the  inside  edge.  Some  in  a  given  heat  were  showing  good 
service,  while  one  or  more  from  the  same  heat  were  defective. 
Eighty-pound  rails  of  practically  the  same  composition  had  pie- 
viously  been  in  this  track  and  had  given  good  service,  and  had 
not  been  broken  down  by  the  same  traffic. 

In  order  to  get  at  the  cause  of  the  difficulty,  sections  of 
some  of  the  defective  rails  were  obtained,  and  showed  the  follow¬ 
ing  average  composition : 


Carbon 

Manganese 

Phosphorus 

Sulphur 

Silicon 


.544  per  cent. 
1.005  “ 

.078  “  “ 

.090  “ 

.120  “ 


There  was  nothing  — 1  in 
essentially  the  same  composition  nav  ^ 

heavy  traffic  conditions.  ,  -p- 

We  next  investigated  the  structure  of  the  steel  F  g  2 

represents  the  general  character  of  the  fracture  magmf.ed  to  Ij4 
.  presents  /  latitudinal  section  down  through  the  head 

diameters,  and  is  a  longitudi  ^  ^  The  striations 

of  the  rail  about  /  me  break  up  the  continuity 

»h,ch  appear  are  weakness.  In  order  to  learn 

of  the  steel  ant  I’""  “  polished  off  a  full  section  of  the 

the  extent  of  these  aelec  .  1  clirfare 

rail  and  etched  lightly  with  iodine,  finding  that  the  entire 
an  ami  eten  '"  d  wjth  lines  of  unwelded  seams,  as 

of  tlio  section  was  covered  wm* 

C  ,  .  -p\<r  ti  (reduced  52  per  cent).  Microscopic 

represente  in  ’  that  the  steel  contained  a  large  number 
examination  showed  tter_Fig.  I3  (X  50  diameters)  -  and 

of  particles  o ■  ore  ted  with  blue  and  brownish,  films, 

that  some  seams  vvt 
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evidence  that  the  steel  had  been  burned,*  and  fully  accounting 
for  the  failure  to  weld.  Fig.  3  gives  a  section  from  center  of 
head,  and  proves  that  the  rail  was  worked  and  finished  at  a  mod¬ 
erately  low  temperature,  and  that  owing  to  the  consequent  fairly 
fine  structure  the  rails  withstood  the  drop-test  in  spite  of  the 
weakness  due  to  defective  manufacture.  When  laid  in  track, 
the  weight  of  the  rolling  stock  caused  the  unwelded  seams  to 
slip  apart  at  the  portions  where  the  greatest  strain  came,  thus 
resulting  in  the  breaking  down  of  the  rails.  The  upper  right- 
hand  corner  of  Fig.  11  shows  where  a  sliver  J/2  inch  thick  was 
forced  out  of  the  side  of  the  head  along  one  of  the  unwelded 
seams  for  a  distance  of  several  feet,  and  the  crack  along  the  seam 
extended  nearly  to  the  top  of  the  head. 

This  instance  proved  conclusively  that  reliance  could  not  be 
placed  upon  the  drop-test  to  ensure  homogeneous,  solid  steel, 
and  it  is  generally  well  known  that  rails  of  laminated  steel  may 
give  even  a  better  test  under  the  drop  than  if  composed  of  solid 
metal  of  the  same  composition. 

The  above  results  clearly  verify  the  statement  of  Dr.  P. 
H.  Dudleyf  that  solidity  and  continuity  are  quite  as  important 
as  a  good  microstructure. 

As  to  the  origin  of  foreign  matter  in  steel,  it  is  evident  that 
it  must  be  due  to  defective  mill  practice  either  in  the  manufacture 
of  the  steel,  including  turning  and  settling;  in  burning  of  steel  in 
soaking  pits  —  or  in  blooming  furnaces,  if  the  latter  are  used  —  or 
m  cropping  blooms  or  rails;  in  any  event  it  is  an  unquestioned 
proof  of  defective  mill  practice,  and'is  easily  avoided  if  so  desired. 

In  order  to  ensure  the  most  durable  rail  of  a  given  coniposi- 

tion,  our  service  results,  as  shown  above,  indicate  that  there 
must  be  — 


(1)  Freedom  from  brittleness. 

(2)  Absence  of  foreign  matter  in  undue  proportion. 

(3)  bine  granular  structure. 

.  j  V  ra*'s  are  elhninated  by  the  drop-test  of  2,000 

one  raVfrlrn*  2°,  "P°"  a  rail-butt  from  the  top  of  the  ingot, 

more  beina  tatT '  bemg  tested’  or,  in  case  of  fracture,  two 
b  g  takl‘"  ,r""'  the  tops  of  other  ingots  of  the  same 

t  rxxilh'p  65f"U'  N°'  p  ,83' 
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heat:  fracture  of  two  out  of  the  three  causing  rejection  of  all 
rails  in  the  heat. 

(2)  Absence  of  foreign  matter  is  best  ensured  by  careful 
inspection  throughout  the  manufacture,  and  by  specifying,  a 
definite  proportion  of  cropping. 

(3)  Fine  granular  structure  is  necessitated  by  specifying 
under  definite  conditions  the  shrinkage  of  the  rail  after  leaving 
hot  saws  —  an  idea  suggested  by  Mr.  Wm.  R.  Webster.* 

A  shrinkage  limit  is  in  operation  in  most  of  the  mills  to-day, 
but  it  must  be  borne  in  mind  that,  as  pointed  out  by  Mr.  Martin 
in  the  paper  above  referred  to,f  that  specifying  merely  the  dis¬ 
tance  between  hot  saws  does  not  compel  presence  of  fine  grain 
clear  to  center  of  head.  Such  structure  will  not  result  unless 
the  reduction  in  the  passes  after  the  holding  is  sufficient  to  work 
the  steel  thoroughly  to  the  center. 

What  is  needed  is  a  moderately  low  initial  temperature, 
sufficient  work  to  render  the  steel  solid,  the  speed  of  train  and 
extent  of  reduction  being  such  that  with  rapid  rolling  without 
undue  holding  before  or  in  the  last  passes,  and  without  artificial 
cooling  subsequently  —  the  distance  between  hot  saws  shall  not 
exceed  a  specified  amount. 

Under  the  above  conditions,  with  a  given  composition,  the 
extent  of  shrinkage  of  the  rail  after  leaving  hot  saws  ma\  be 
made  a  definite  guarantee  of  size  of  grain  in  sections  of  a  gi\en 
weight,  and  if  the  limit  is  placed  at  SlA  inches  for  a  30- foot 
length  of  a  90-pound  rail,  coarse  grain  even  at  center  of  head  is 
practically  impossible. 

Tt  is,  of  course,  obvious  that  mere  fine  grain  does  not  ren¬ 
der  freedom  from  brittleness  certain,  as,  for  instance,  in  the 
case  of  the  St.  Neots  rail  above  referred  to,J  where  the  steel  was 
fairly  fine-grained,  but  was  fragile  owing  to  presence  of  mar¬ 
tensite  due  to  rapid  cooling  from  a  high  temperature.  Such  com¬ 
position  was,  however,  evidently  caused  by  a  very  exceptional 
accident  in  mill  practice,  and  is  carefully  guarded  against  under 
normal  conditions. 

Tn  working  toward  the  most  efficient  practice  in  rail  roll- 


*  Trans .  Am.  Soc.  C.  E.,  XLIV,  p.  497. 
t  Iron  Age ,  Dec.  26,  1901. 
t  Page  182. 
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ing,  valuable  aid  has  been  given  during  the  past  few  years  bv 
Committee  No.  i  of  the  American  Section  of  the  International 
Association  for  Testing  Materials,  and  Mr.  Wm.  R.  Webster, 
the  chairman,  deservedly  receives  great  credit  for  his  efforts  in 
bringing  together  the  various  conflicting  interests,  and  in  formu¬ 
lating  proposed  standard  specifications  of  various  materials  of 
construction.  The  specifications  for  steel  rails  in  particular 
have  aroused  wide  discussion.  In  its  present  form  we  regard  it 
as  tentative,  since  it  merely  specifies  the  quality  which,  since  the 
introduction  of  the  heavier  sections,  has  everywhere  been  found 
iapi  wearing  and  unsatisfactory.  It  does  not  ensure  durable 
material  and  it  does  not  represent  the  best  American  practice. 

*"  ’  ?v'e.ver’  serve  as  a  basis  to  which  the  necessary  additions 

mo  1  ications  can  be  made,  and  also  its  effect  in  provoking 
iscussion  wi  1  be  of  assistance.  If  so  drawn  as  to  represent 
est  merican  practice,  it  would  benefit  the  railroads  as  a 
flip  r  "°U  •  undoubtedly  be  of  great  commercial  value  to 
tl-TrT  aS-an  mifluence  uP°n  fore»gn  orders,  and  would  go  far 
attrihnt/l^K111'5  itiat  ra**  ^adures  and  cases  of  brittleness 

suits'  labr:V°.ChemiCal  cornP°s*tion  have  been  simply  re- 
under  the  °  6  fCtUe  Practice  which  would  not  be  found 

at  ci te  thf  iri  ^  AmeriCan  PraCtice‘  As  a"  instance,  we 
^  ona,  Rai,  tatTm  °f  Mr'  C  R  Sandberg  before  the  Inter- 
‘  tonal  Railway  Congress  in  iqoi,*  that  he  made  some  ex¬ 
perimental  tests  with  rails  •  ade 

and  met  with  complete  failure  Tl"^  t0  '6°  PCr  Cent 
under  a  drop-test  of  i  ton  ^  S  bnttIe’  a"d  bf°ke 

from  .56  per  cent  to  .62  per  cenf  The  Carb°n 

the  regular  practice  of  our  \  •  COntrast  to  this  we  have 

above,  failure  under  the  dron  t  TT*"  mills’  where’  as  sho'vn 
seldom  occurs  even  1  T  °f  2000  P"*"*  falling  20  feet 

cent  limit,  provided  proper  taTe  C°nSiderabl-V  be-vond  the  ^ 

The  soecifiratJr.il  e  1S  exercised  in  manufacture. 

Engineering  and  Maintenance/ W°  'C  American  RailwaV 
provement  over  those  of  the  T  Associationf  are  an  lin¬ 

ing  a  shrinkage  clause  K„e  *1  nternatl°nal  Association  in  insert- 

ie  wording  of  the  latter  is  open  to 


*  Bulletin  International  Raikwi*  , 

July.  1901.  Also  Jour.  Iron  andsZ^r"8™*’  Eng,is 

_  t  Amcr.  Railway  EngiueetiuJ  \  Na  2>  P-  * 

letni,  2 2.  March.  1902.  g  an<^  ^lainte 


*^°*gress,  English  Ed.,  XV,  p.  164;- 
nance  of  Way  Asso .  Bul~ 
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the  objection  cited  by  Mr.  Martin,*  and  would  ensure  nothing 
more  than  tine-grained  material  upon  the  immediate  outer  sur¬ 
face  of  the  rail. 

Even-  successful  specification  is  of  necessity  based  directly 
u'/jn  the  teachings  of  actual  service.  In  order,  then,  to  aid  the 
mills  in  working  out  the  most  efficient  standard  practice,  it  is 
greatly  to  the  interest  of  every  consumer  to  make  known  the 
practical  service  values  of  the  various  materials.  Our  object  in 
entering  upon  this  investigation  has  been,  naturally,  to  secure 
the  greatest  degree  of  safety  and  durability  in  the  tracks  of  the 
Reading  Railway,  but  we  have  brought  the  results  to  your  atten¬ 
tion  in  the  hope  that  a  full  and  free  discussion  of  facts  may  be 
of  general  benefit  in  tending  toward  the  production  of  uni¬ 
formly  durable  material. 

In  conclusion,  I  wish  to  thank  my  assistants  for  the  ana¬ 
lytical  and  inspection  work  carried  on  in  connection  with  this 
investigation. 


RAIL  ROLLING  AT  LOWER  TEMPERATURES 

DURING  1901  + 

By  S.  S.  MARTIN 

r>OR  vears  it  has  been  known  that  light  rails  have  a  very 
r  much  more  non-granular  structure  than  the  heavy  sections, 
which  is  caused  by  their  being  finished  at  a  lower  temperature. 
This  structure  means  to  the  railroad  people  a  better  wearing  rail 
The  latter  have  never  developer!  the  reason  for  it.  To  people 
asking  the  question.  “  Why  did  our  rails  rolled  years  back  ''ear 
better5  -  we  can  easilv  answer  that  since  the  rads  were  lighter 
and  since  the  methods  were  no,  improve,,  for  great  tonnages, 
a  structure  was  obtained  which  was  nearer  to  the  non-granular. 

It  has  only  been  ^^.^/^Vroning  the  Tea  vie"  si, Tons 
r.ir7o  poundTanrTup)  nearer  the  temperature  of  the  lighter 

’  tiTmT’ d'T  December  *1.  1901.  This  article  and  the  illustra¬ 
tion,  a  ”re/^  through  the  courtesy  of  Tk,  /run  Ae, 
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rails.  When  the  railroads  made  their  rails  heavier  the  manu¬ 
facturers  did  not  meet  promptly  the  necessity  of  rolling  their 
heavy  rails  at  a  lower  temperature.  Now  the  manufacturers  find 
themselves  pushed  to  do  this,  with  the  result  that  some  of  the 
mills  reheating  their  blooms  find  that  they  must  adopt  some 
means  of  cooling  the  bar  somewhere  about  the  rail  rolls,  so  as  to 
roll  at  a  very  much  lower  temperature.  To  appreciate  fully 
what  low  temperature  for  rolling  may  really  mean,  I  will  briefly 
speak  of  rolling  temperatures. 


When  steel  cools  from  the  rolling  or  finishing  temperature 
there  are  certain  points  at  which  for  an  instant  there  is  a  retarda¬ 
tion  in  the  falling  of  the  temperature,  and  sometimes  a  percept¬ 
ible  increase  of  heat.  Soft  steel,  say  under  .20  per  cent  carbon, 
has  three  of  these  points,  while  rail  steel  of  .50  per  cent  carbon 
has  only  one.  These  points  are  called  the  “  points  of  recales- 
cence,”  or,  commonly,  the  “  critical  points.”  The  structure  of 
.steel  does  not  change  below  this  point  to  any  noticeable  extent. 
Steel  with  .20  per  cent  carbon  or  under  has  three  of  these  points, 
at  650,  74°  a°d  86o°  C.,  while  rail  steel  of,  say,  .45  to  .55  per  cent 
carbon  has  only  one  critical  point,  which  lies  (according  to  dif¬ 
ferent  writers)  between  700  and  7250  C.  The  structure  of  the 
rad  depends  for  the  size  of  its  granules  on  the  rate  of  cooling 
to  the  critical  point,  and  the  higher  the  temperature  above  the 
critical  point  the  larger  will  be  the  grains.  Since  no  change  of 
structure  can  result  fiom  finishing  below  the  critical  point,  we 
naturally  decide  that  a  rail  must  be  rolled  as  near  the  critical 
point  as  possible  to  get  the  best  structure,  or  in  the  case  of  rail 
steel  between  700  and  725°  C.  If  the  piece  of  steel  in  rolling 
is  delayed  at  any  point  before  finishing  it  will  help  the  structure 
directly  in  proportion  to  the  amount  of  reduction  in  the  remaining 
passes,  because  wtnle  (he  bar  is  being  held  (the  temperature 

u  icti  starting  to  hold  being  about  950  to  1000°  C  )  the  structure 
is  crystallizing,  and  the  hio-W  . 

granules  to  the  critical  point  F *  *mperature  the  larSer  *! 
reduction  greatly  influences  the  era  i™5  reaS°n  the  amolllU  °. 
be  considerable  in  order  to  J  *  T"'™  StrUcture’  and  xt  sh°U’d 
bar.  The  result  generally  ohtV  T  to  a"y  depth  m  ** 

photographs  of  this  class  of  fi  Ttf  fr°m  a  number  of  nllCr°' 
granular  just  as  far  as the ^71  ^  U  that  the  Sted  *  "T 

moves  the  mass,  which  for  (  10,1  111  the  last  pass  thoroughly 

5  P^r  cent  reduction  will  be  from 
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1/  t0  \a  inch ;  the  rest  of  the  distance  to  the  center  of  the  head 
becomes  abruptly  more  granular  from  the  l/s  to  l/4  inch  until 
the  center  of  the  head,  which  shows  the  largest  granules. 

It  thus  seems  that  to  obtain  a  non-granular  structure 
throughout  the  rail  the  temperature  must  be  reduced  earlier  in 
the  rolling  — in  fact,  the  bar  or  bloom  must  not  be  reheated,  but 
should  be  rolled  direct  from  the  ingot.  In  the  latter  case  the 
bloom  will  be  delivered  to  the  rail  rolls  at  a  temperature  of 
850°  C,  while  a  reheated  bloom  will  be  delivered  at  1000  U, 
or  more.  I  want  to  emphasize  the  fact  that  while  the  rai  is 
held  before  the  final  pass,  at  a  temperature  above  the  critical 
point,  it  crystallizes,  and  the  single  pass  which  it  su isequen  y 
receives  is  incapable  of  breaking  up  the  granular  structure 
more  than  a  certain  depth.  This  practice  of  irect  ro  inS 
been  carried  on  for  years  in  some  mills  in  this  country,  and  in 
almost  all  mills  abroad.  There  is  no  trouble  with  a  g 
structure,  while  the  mills  rolling  reheated  3  ooms  iav  .  _ 

against  very  granular  structure,  and  thus  have  this  > 
duced  the  method  of  holding  the  bar  before  the  las .  pass.  This 
has  greatly  improved  their  structure.^  ^  ^  ^ 

geneous  as  a  structure  obtained  .  ^ 

petatures  are  so 

comes  granular  so  easily  wnue  ucn  g 

the  final  pass.  ,  different  methods 

The  microscopic  study  of  rad tom  these  ^  ^  ^  ^ 

of  rolling  is  interesting,  an<  J  temperature  to  get  the 

be  kept  at  a  lower  genera  method  of  holding  for 

best  structure  throughout.  ^  ^  t0  IOOo°  C.  before 

one  and  three-quarters  tc .two .tm  allows  a  very  granular 

the  bar  goes  through  the  f  ^uct{on  Gf  the  last  pass  of 

structure  to  develop,  wh  ^  ef  depth  than  y8  to  %  inch 
5  per  cent  will  not  destroy  t  ^  far  as  temperature  is 

toward  the  center  of  -  the  criticai  point  to  do  some 

concerned,  is  far  finishing.  If  not,  the  granular 

more  crystallizing  a  tlie  first  cause  explained  —  i.e.,  a 

structure  found  comes  ^  ^  feach  the  center  effectively, 

per  cent  of  reduction  .gh  occasi0nally  micro-photographs 

Our  niicros^Pis  by  forp,ing  at  certain  known  ton- 

showing  the  struct  Le  Chatelier  pyrometer.  Professor 

peratures,  measured  wu 
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Fig.  i.  Center  of  head. 


surface  of  head. 
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pig.  3.  Center  of  head. 


Fig.  4.  1  inch  from  surface  of  head‘ 


196 


The  Metallographist 


Albert  Sauveur  has  published  such  a  set  showing  steel  forged 
at  650,  850  and  1  ioo°  C.,  which,  if  used  as  a  standard  for  com¬ 
paring  the  structures  obtained  in  rails,  gives  at  once  a  method 
of  knowing  actually  what  temperature  the  rail  had  when  cooling 
after  being  finished  and  just  how  far  above  the  critical  point. 
Without  a  doubt,  the  proper  way  to  get  at  this  matter  of  rolling 
temperatures  is  through  the  microscope.  This  idea  is  rapidly 
gaining  ground,  and  the  microscopists  deserve  great  credit  for 
the  manner  in  which  they  have  brought  forward  the  microscope 
practicably. 

I  am  rather  disappointed  at  the  method  which  the  railroad 
people  use  to  decide  what  the  temperature  has  been  by  putting 
into  their  specifications  a  shrinkage  clause,  in  the  belief  that  this 
will  insure  a  non-granular  structure  and  hence  a  low  rolling  tem¬ 
perature.  This  is  not  the  correct  idea,  because  shrinkage  of  dif¬ 
ferent  steels  varies.  Then,  too,  it  is  so  easy  to  vary  shrinkage 
by  holding  at  the  last  pass,  by  running  the  engine  slowly  which 
drives  the  finishing  rolls,  and  by  the  application  of  water  both 
before  (which  will  help  the  structure)  and  after  (which  does 
not  generally  have  much  effect,  as  steel  is  near  the  critical 
point).  Now  a  non-granular  structure  of  the  rail  is  ideal, 
although  not  practicable,  but  the  requirements  of  the  railroads 
are  such  that  the  mills  are  all  striving  to  outdo  one  another  in 
getting  as  low  a  temperature  as  possible  and  also  have  the  head 
of  the  rail  homogeneous.  Microscopic  examination  will  give  the 
true  result,  something  that  cannot  be  influenced  by  mankind,  as 
shrinkage  can. 


In  conclusion  I  desire  to  remind  my  readers  that  shrinkage 
continues  under  the  critical  point,  and  hence  does  not  in  the  least 
ie  p  or  indicate  the  structure.  So  it  seems  that  shrinkage  is 
very  misleading  to  the  railroad  people. 

he  follow  ing  micro-photographs  explain  the  above  article 
and  were  obtained  in  the  following  manner: 

bigs  1  and  2  are  from  the  first  half  of  an  ingot  rolled  as  hot 

nn JT  V  1.rou^1  ten  passes  of  the  rail  rolls  to  the  final  pass 
lere  ie  (  \i/A  minutes ;  then  through  the  finishing  pass. 

heir!  w5'  3  an<1  4.are  from  the  other' half  of  the  same  ingot, 
th  oimfr  g01Ug  mt°  the  rail  ^r  two  minutes;  then  sent 

g  the  11  Passes  *  this  reduced  temperature. 


Structure  and  Finishing  Temperatures  of  Steel  Rails  197 


I 


STRUCTURE  AND  FINISHING  TEMPERATURE  OF 

STEEL  RAILS  * 

By  ALBERT  SAUVEOR 

T  is  well  known  that  when  a  piece  of  steel  is  allowed  to  cool 
1  undisturbedly  from  a  high  temperature,  it  crystallizes,  and 
that  the  resulting  crvstals  or  grains,  as  they  are  frequently  called, 
are  the  larger,  the  higher  the  initial  temperature  and  the  slower 
the  cooling.  This  was  first  forcibly  stated  by  Professor  Tscher- 
noff  in  his  masterly  paper  on  “The  Manufacture  01  Stee  an 
the  Mode  of  Working  it,”  communicated  to  the  Russian  1  co¬ 
nical  Society  in  April  and  May,  1868.  ,  , 

It  is  also  well  known  that  if  the  steel  be  vigorously  worked 

(rolled  or  forged)  while  it  is  cooling  from  a  high  temperature, 
crystallization  is  prevented,  but  as  soon  as  work  ceases,  crys¬ 
tallization  sets  in  until  a  certain  temperature  is  reac  , 
in  the  majority  of  cases  is  not  far  from  700’  C.,  and  bebw  ^ch 
there  is  no  further  growth  of  crystals.  It  woAbepaW 
below  that  critical  temperature  the  crystals  are  P  ^  roU_ 

toned,  being  flattened  and  elongate^in  t^e ^  ^  lower  thc 
mg,  and  this  distortion  of  the  c  .  Such  distortion 

temperature  at  which  the  work  is  brittleness  a  strik- 

causes  a  decrease  of  ductility  and,  e\  ®£tu*r*’vi  of  wire,  which 
ing  illustration  of  which  is  fou"  ui^  ^  brittleness  produced 
must  be  frequently  annealed  annealing  removes  the  dis- 

by  work  at  a  low  temperature  the  resulting  brittleness  by 

tortion  of  the  cry  stals  and,  finer  cnrStallization. 

causing  the  metal  to  assume  a  ne^  ^  range  of  temperature  dur- 
We  may,  for  conveme  ,  extends  from  the  melting 

ing  which  steel  crystallizes,  o  q  m  the  case  of 

point  to  the  critical  temPer*  ”r  ra  and  the  work  performed 
carbon  steel),  the  ciysta  \z  e’the  wQrk  done  below  these 

at  these  .emperatures^n^^^ 

temperatures  will  be  structure  by  preventing  or 

Hot  work  coW  work  distorts  the  crystals. 

retarding  crystallizati  , _ _  - 

- - — Meeling  of -the  American  Section  of 

the  a"  A,um,c  o,y- N- 

June  13,  I902* 
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It  follows  from  the  above  considerations  that  in  working 
steel,  as  is  done  in  the  manufacture  of  so  many  implements, 
from  a  high  to  a  much  lower  temperature,  crystallization  is  re¬ 
tarded,  i.e.,  is  made  up  to  cover  a  much  shorter  range  of  tem¬ 
perature,  extending  from  the  finishing  temperature  (i.e.,  the  tem¬ 
perature  at  which  work  ceases)  to  the  critical  temperature.  The 
resulting  structure  will,  therefore,  be  finer  grained,  i.e.,  will  be 
made  up  of  smaller  crystals,  than  if  the  metal  had  been  allowed 
to  cool  undisturbedly  from  a  high  temperature :  the  crystals  will 
be  the  smaller  the  lower  the  finishing  temperature.  Should  work 
be  continued  below  the  critical  temperature  the  crystals  will  be 
distorted,  which  implies  a  loss  of  ductility. 

It  has  been  conclusively  shown  that  the  finer  the  structure, 
i.e.,  the  smaller  the  crystals,  the  more  ductile  will  be  the  steel, 
and  since  ductility  is  always  a  very  desirable  property,  whatever 
the  intended  use  of  the  finished  implement,  we  should  so  con¬ 
duct  our  treatment  of  the  metal  as  to  confer  upon  it  the  finest 
possible  structure.  The  importance  of  finishing  steel  implements 
at  the  proper  temperature,  therefore,  need  not  be  insisted  upon. 
It  is  now  appreciated  by  all  enlightened  metallurgists. 

The  manufacturers  of  steel  rails  have,  more  than  anv  other 
producers  of  finished  steel  articles,  given  careful  attention  to  the 
important  influence  of  the  finishing  temperature  upon  the 
structure  and  the  physical  properties  of  their  rails.  In  these 
da\s  when  the  tendency  is  to  allow  more  and  more  carbon  in 
rail  steel,  in  order  to  lengthen  the  life  of  the  rail,  the  importance 
of  securing  all  the  ductility  possible  from  the  heat  treatment 
stands  preeminently  at  the  front. 

The  importance  of  low  finishing  temperatures  was  clearly 
irought  out  some  ten  years  ago  at  the  South  Chicago  works  of 
e  inois  ted  Company,  through  some  extensive  tests  con- 
>  t  e  writer,  the  results  of  which  were  summed  up  in  a 
paper  presented  at  the  Engineering  Congress  in  1893.  In  spite  of 
he  conclusiveness  of  these  tests,  however,  the  management  could 

the  do  mane  t0  Up.  an-v  efficient  measure  toward  lowering 
assumed  t0°  1  ^  ^™shing  temperature  of  the  rails.  It  'vas 
the  out  nut  3  wm  StCP  m  tkat  c'irection  would  interfere  with 
given  in  th30'  *  ^  !'aS  n0t  t0  considered.  While  the  results 

seed  had  he  1  Kt  n0t  attract  much  attention  at  the  time,  a 

seed  had  been  sown  that  was  destined  to  bear  much  fruit.  The 
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ortance  of  proper  finishing  temperatures  gradually  asserted 
itself  until  at  the  present  day  there  is  hardly  a  steel  rail  user  or 
Producer  who  is  not  fully  alive  to  it.  The  results  of  many  experi¬ 
ments  along  this  line  have  been  published  within  the  last  twelve 
months,  which,  although  they  merely  confirm  the  conclusions 
reached  some  ten  years  ago  are,  curiously  enough,  treated  by  their 
authors  as  newly  discovered  facts.  This  peculiar  attitude  on  the 
part  of  writers  who  ought  to  be  familiar  with  the  previous  treat¬ 
ment  of  their  subject,  attracted  the  attention  of  the  Railroad 
Gazette,  which  says  editorially,  under  date  of  May  31,  1901 : 


In  all  the  discussions  on  the  heat  treatment  of  steel  the  matter  has 
been  treated  as  though  it  were  new,  and  the  writers  appear  to  «\e  or- 
gotten  the  early  work  of  Tschernoff,  Metcalf  and  others  and  the  later 
work  in  the  early  90’s.  It  is  well  to  realize  thoroug  y  ia 
new  fad.  Notwithstanding  all  that  has  been  said  on  t  is  su’Je 
been  a  hard  matter  to  get  engineers  to  realize  that  stec  this  jnip0r- 

almost  worthless  by  being  finished  too  hot  in  ro  ing.  results  from 

tant  fact  is  fully  appreciated  we  may  expect  to  get  tie  >e  • 

steel,  a.  means'  will  be  taken  to  give  it  the  proper  heat  treatment 

In  Mr.  Metcalfs  classical  paper  on  steel,  in  tlie 

ican  Society  of  Civil  Engineers,  March  2,  7-  ,s  forms  crys- 

Railroad  Gazette  of  March  18,  he  says:  As  stee  coi  sjow  cooling 

tals  and  the  sizes  are  largely  affected  by  the  rate  0  and  a|s0  agitation 
favoring  the  formation  of  large  crystals,  qu'<-  C?°  '  al  jn  exjstence  to- 

producing  fine  crystals...  In  every  piece  o  stee  which  it  was  sub- 

%  there  is  a  sure  record  of  the  last  temperature  ^  worked.  I  mean 

jected  as  well  as  of  the  manner  in  which  t  le  s  ee  g  to  tjie  naked  eye 

t°  say  that  for  every  variation  of  heat  that  is  *  ^  eqUally  visible  to 

‘here  is  a  corresponding  variation  in  structure  ''  tjie  piece...  F°r  a 

the  naked  eye  if  the  record  be  opened  by  rac  difference  in  specific 

double  quantity  of  carbon  we  have  five  lames  The  finest  crystal 

gravity,  due  to  an  equal  difference  in  t»«Per»|"  c’0‘oling  and  the  violent 
and  the  best  structure  can  only  be  formed  y  Ql 
agitation  of  the  hammer  or  of  the  rolls.  Chicago,  Mr.  - 

„  At  the  World’s  Fair  Congress  of  ,  Company,  gave 

Sai>veur,  then  in  the  employ  of  the  I11,"°‘®J^nt  Gf  steel  rails  m 
results  of  his  investigation  on  the  heat  re  ^  any  olie  interc*  e 
Propositions,  which  are  well  worth  the  study ransactions  of  the  Insttt 
l’'s  subject.  His  paper  will  be  found  m  t  w  _u0te:  .  ,  nder 

°f  Mining  Engineers,  Vol.  XXII.  from  wh»^  ^  when  examine^  ^ 
“A  polished  and  etched  section  o  ^  jn  all  its  Pa>  ^  d}fferent 

e  microscope  does  not  by  any  niea’  cture  is  due  to  fjnishing- 

str«cture.  This  heterogeneousness  of  str  ^  leave  the 

tcmPeratures  at  which  the  various  parts  o 
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rolls,  and  to  the  unequal  rate  of  their  subsequent  cooling.  The  propo¬ 
sitions  formulated  in  the  first  part  of  this  paper  should  enable  us  to 
foretell  such  variations  in  the  structure  of  a  rail. 

“  The  outside  of  a  rail,  leaving  the  rolls  coldest  and  cooling  quickest 
will  offer  less  chance  for  crystallization,  and  should  therefore  show  a 
smaller  grain  than  the  inside,  which,  being  the  hottest  and  cooling  down 
more  slowly,  will  favor  the  crystallization  of  the  metal,  the  size  of  the 
crystals  or  grains  reaching  its  maximum  in  the  centre  of  the  head.  It 
might  also  be  inferred  that  the  smallest  grain  will  be  found  at  the  extrem¬ 
ities  of  the  flange,  since  this  is  always  the  coldest-finished  region.  Pro¬ 
ceeding  from  the  outside  to  the  inside  we  shall  find  the  tendency  toward 
coarse  crystallization  gradually  increasing.” 


The  Kennedy-M ornson  Rail  Finishing  Process.  —  The  sud¬ 
denly  renewed  interest  in  the  subject  of  proper  finishing'  tempera¬ 
ture  for  steel  rails,  just  alluded  to,  led  the  Carnegie  Steel  Com¬ 
pany  to  a  notable  departure  at  their  Edgar  Thompson  plant, 
from  the  ordinary  mode  of  proceeding.  This  move  on  their 
part  was  given  much  publicity  and  has  attracted  the  attention  of 
all  rail  consumers.  Stated  briefly,  the  modification  which  they 
a\e  introduced  in  the  rolling  of  steel  rails  consists  in  holding 
t le  rai  s  on  a  cooling  table  a  few  minutes  before  subjecting  them 
to  the  last  pass.  It  is  argued  that  by  so  doing  the  rail  is  finished 
a  ower  temperature,  which  is  the  desideratum  aimed  at. 

Tli  C  i  USi  °°  •  Critically  ’nto  dds  new  departure  in  rail  rolling, 
final  me  T'  ^  ^  reacbes  tbe  cooling  table  introduced  before  the 

allowed  to' cool*  umij  7  cmah'l  tempCratUre  a"d  iS.tlK" 

Durinrr  tUic  r  ertain  lower  temperature  is  attained. 

-dTe  a  mu  /  bCd  the  metal  evidently  crystallizes 

Hue :r the  «*■  *  * 

temperature  of  the  rail  wlmn  ^  "'T  pronounced  the  hi£her  the 
slower  and  more  prolonged  the^f^  ^  C°°ling  table  ^ 
It  also  seems  as  if  the  siLl  >  subsequent  undisturbed  cooling, 
after  this  crystallizing  ?  pass  t0  wb‘cb  the  metal  is  subjected 

crystallization  just  created*  n"”01  be  Sufficient  to  break  up  the 

if  a  material  gain  result*  f  ”,  dleoretical  grounds,  therefore, 
not  see  how  it  can  be  acconmTi  ** ’S  method  of  proceeding,  I  do 
undisturbed  cooling  above  tl  ^  .5’  ^et  us  remember  that  any 

crystallizing  period.  By  t  e  critical  temperature  constitutes  a 
pass,  we  shorten  the  crystair^  '  coobng  the  rail  before  the  final 
finishing  rolls,  but  we  L  *Zmg  ran£e  after  the  rail  has  left  the 

ate  a  crystallizing  period  just  before  the 
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final  pass,  which  is  exactly  equal  in  length  to  the  diminution  of 
the  final  undisturbed  cooling.  W  e  do  not,  by  so  doing,  decrease 
the  total  crystallizing  range,  which  alone  governs  the  size  of  the 
final  crystals;  we  merely  divide  it,  causing  a  part  of  it  to  be 
located  immediately  before  the  final  pass  and  the  balance  imme¬ 
diately  after,  so  that  a  rail  treated  by  this  process  has  passed 
through  a  crystallizing  period  of  exactly  the  same  length. 

The  only  beneficial  effect,  therefore,  that  can  be  claimed  for 
this  process  is  that  it  breaks  up  the  crystals  produced  just  before 
the  last  pass,  resulting  in  a  finer  structure  rail.  If  we  consider 
that  the  reduction  produced  by  the  last  pass  is  about  five  per  cent 
it  seems  hardly  conceivable  that  so  slight  an  amount  of  work 
could  be  effective  in  breaking  a  preexisting  coarse  structure. 

Similar  criticisms  of  the  value  of  the  Kennedy-Mornson  pro- 
cess  have  been  published  by  Mr.  S.  S.  Martin,  of  the  Maryland 
Steel  Company,  who  contends,  apparent!)  on  goo  grou11  ’  f 
any  undisturbed  cooling  introduced  in  the  process  o  ro  §> 
order  to  be  effective  in  producing  a  finer  grantee  rat  .  111113 
place  at  an  early  period,  because  then  the  const  era  e^e  ’ 

i.e„  the  great  amount  of  work  to  which  the  rad  is  subsequent  y 
subjected  will  break  up  the  crystals  formed  during  ttot ^undts 
turbed  cooling.  It  has  been  also  argued  and  nghtly  1 *  "k-  ^ 
those  mills  which  do  not  reheat  them  blooms  produc  f me 
grained  rails,  for  the  simple  reason  that  they  fnush  them  ra.ls 

“  arsLTPHn  "der  to  confer  a  fine-grained  structure  upon 

shorterr^“aThlgeperw!  he.,  the  time  during 

which  ,L°rSail  is  allowed  to  coo, 

bTrTd  suTfickntly^ Pooled,  and  the  finishing  temperature 
be  finished  suffic  ^  the  temperature  of  the  ingot 

will,  of  course,  dep  the  spee(i  Gf  the  operations.  The 

when  ’•oiling  begms^^  1^  carrying  the  rolling  at  a  relatively 
main  objccti  throws  more  work  upon  the  rolls.  The 

low  temperature  *  and  handling  0f  the  material  is 

thlth  Teemases  the  output  of  the  mill.  Both  objections  imply  an 
•  f-Up  cost  of  the  rail. 

increase  rn  thee  ^  q{  ^  crysta|Hzing  period  t0  occur  pre. 

viotm  to  the  final  pass,  i.e.,  to  allow  the  rail  to  cool  undisturbedly 
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at  some  stage  of  the  operations,  and  for  a  short  time,  before  com¬ 
pleting  the  rolling.  This  cooling  in  order  to  be  effective  should 
occur  at  a  sufficiently  early  stage  of  the  rolling,  in  order  that  the 
resulting  crystallization  may  be  broken  up  through  a  sufficient 
amount  of  subsequent  work  and  reduction.  Such  results  would 
be  obtained  by  placing  the  cooling  table  at  the  shears.  The 
objection  to  this  course  is  that  the  shaping  of  this  cooler  bloom 
into  rails  would  require  greater  mechanical  effort  and,  therefore, 
increase  the  cost  of  production. 

3.  1  o  finish  the  rail  at  the  temperature  most  desirable  for 
easiness  and  speed  of  manipulation  in  rolling  and  then  to  reheat 
it  to  a  temperature  slightly  above  the  critical  temperature,  a  treat¬ 
ment  which  would  result  in  the  breaking  up  of  the  preexisting 
coarse  structure,  replacing  it  by  a  much  finer  one.  This  course 
would  undoubtedly  be  the  most  effective  of  the  three,  as  it  w^ould 
not  only  impart  a  fine  structure  to  the  rail,  but  also  a  uniform 
structure  to  all  its  parts,  while  a  rail  not  so  treated  must  neces¬ 
sarily  be  coarser  in  the  central  parts  than  nearer  the  cooling  sur¬ 
faces,  owing  to  the  higher  temperature  of  the  centre  when  the  rail 
taves  the  finishing  rolls  and  to  its  lower  subsequent  cooling, 
lie  cost  of  such  reheating  treatment  would  undoubtedlv  be  very 
great  and,  possibly,  prohibitive. 


THE  EQUILIBRIUM  OF  IRON-CARBON  SYSTEMS* 

By  G.  CHARPY  and  L.  GRENET 

BAtfHtVS(R0CiZEB00M  1900  Save  an  interpretation 
metals  formed  of  d'  Wi*h  reSard  ‘he  constitution  of 

a  theoretical  point  of  died  1^°'''  "  “  irreProachable  fron’ 

in  consequence  of  the  insuffid!  e,pomts  of  which  doubtful 
particular  the  mnHV  enc^  actua^  exact  experiment.  In 

the  carbon  separateVhTthe ^  Whl?  Mf'  Roozeboom  holds  that 

mitted  to  reheating  are  evidemlv  “  WhitC  ^  SU5' 

2  evidently  m  contradiction  with  a  certain 

*  Bulletin  dc  la  Soeieti  a>e 

in  American  Manufacturer,  JuneT'njoT**"^  March’  ig02‘  Translated 
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number  of  facts  previously  observed  in  the  manufacture  of 
malleable  castings.  Messrs.  Le.  Chatelier  and  Stansfield  have 
objected  to  this  point  of  view,  and  quoted  the  experiments  of 
Royston,  Mannesman,  etc.,  according  to  which  the  separation 
of  graphite  would  follow  a  course  distinctly  different  to  that 
which  has  been  adopted  by  Mr.  Roozeboom.  In  these  experi¬ 
ments,  carried  out  from  a  practical  point  of  view,  substances 
other  than  carbon  contained  in  the  castings  have  not  been  taken 
into  account,  although  certain  of  these  substances,  such  as  silicon, 
manganese,  etc.,  possess  an  incontestable  influence  over  the  sepa¬ 
ration  of  graphite.  It  can  be  believed,  as  Hugh  P.  Tiemann 
points  out  in  a  work  recently  published."  that  the  abundant 
separation  of  graphite,  observed  by’  Mr.  Royston,  is  due  to  the 

presence  of  silicon  in  the  irons  used. 

We  have  studied  a  great  number  of  examples  from  this 
point  of  view,  and  give  in  particular  the  results  obtained  from 
five  samples  containing  practically  the  same  amount  of  total 
carbon,  in  which  the  other  elements  were  in  small  quantities, 
except  silicon,  which  existed  in  variable  amounts. 

The  following  table  shows  the  composition  of  these  irons: 


Carbon 

No.  1 

3.60 

No.  2 

340 

No.  3 

3-25 

No.  4 

3.20 

No.  s 

3-3° 

Silicon 

Manganese 

0.07 

0.03 

0.27 

traces 

0.80 

traces 

1.25 

0.12 

2.10 

0.12 

Sulphur  Phosphorus 


0.0 1 

traces 

0.02 

0.02 

0.02 

0.03 

O.OI 

O.OI 

0.02 

O.OI 

These  metals  had  been  cooled  in  cold  water  and  did  not 
contain  appreciable  quantities  of  graphite,  except  the  last,  winch 

contained  0.20  per  cent. 

Fragments  of  these  irons  were  subm.tted  to  more  or  less 
prolonged  re-heatings  at  different  temperatures.  These  tem- 

operationwas  emled  by  quenching  in  cold  water  In  the  samples 
t  s  treated  the  total  carbon  and  the  graphmc  carbon  were 
determined  the  difference  giving  the  combined  carbon. 

The  graphite  was  estimated,  following  Ledebur’s  process, 
by  dissolving  the  metal  in  i.i8  nitric  acid,  and  burning  m  oxygen 

*  The  Mctallographist,  Vol.  IV  (1901),  p.  3*3- 
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the  residue  remaining  insoluble  after  an  hour’s  evolution.  It  js 
perhaps,  well  for  us  to  specify  that  what  is  called  graphite  in 
this  paper  is  the  residual  carbon  insoluble  in  nitric  acid,  as  is 
usual  in  metallurgical  research.  The  amount  of  silicon  was  also 
determined  in  each  sample.  From  these  results  we  can  deduct 
the  following  conclusions  relating  to  the  separation  of  graphitic 
carbon  by  reheating.  We  give  in  each  example  the  observed 
amount  for  graphite  and  combined  carbon,  though  the  sum  is 
not  exactly  constant  for  each  sample.  It  is  necessary  then  to 
reckon  the  value  of  these  two  amounts  in  order  to  eliminate  the 
influence  of  variations  of  carbon  due  to  a  partial  decarburization 
during  reheating,  or  to  irregularities  in  composition  of  an  in<rot, 
which  we  have  not  thought  necessary  to  correct. 

i.  The  separation  of  graphite  begins  at  a  temperature  which 
is  the  lower,  the  greater  the  percentage  of  silicon. 

Thus,  with  sample  No.  i,  which  contains  onlv  traces  of 
silicon,  a  prolonged  heating  at  noo  degrees  or  lower  does  not 

t,ive  pace  to  any  separation  of  graphite.  But  at  1150  degrees 
the  separation  takes  place. 

decrees  ! '  2’,  ^  heati"g  for  four  ho'lrs  *  7<>o  degrees,  800 

is  to  be  s!  lfeeS’  a"d  1000  degreeS’  n°‘  3  tra«  of  graphite 
is  to  be  seen  But  it  appears  after  heating  to  noo  degrees 

In  samnf  NT  ^  traces  aPPeared  after  heating  to  800  degrees. 

6.0  Lr/  r  4  and  5  il  was  sufficient  to  heat  to  onlv 

after  heI  „V  fo  Paratn  'he  Carb°n'  In  *hc  latter,  particularly 
atter  heating  for  six  hours  at  650  degrees  the  nercentao-e  of 

graphite  rose  from  0,0  per  cent  to  2.8^  peT  cent.  ? 

peratnres  lowerThan ^thosf^^u'  °HCe  beSun>  continues  at  tern- 
No.  ,  iron  held!  „  "*“*  *  ^  Thus  a  1*“  of 

0.50  per  cent  graphite7  an?!*’  a"d  quenched>  contained  only 
Another  niece  nf  Per  cent  combined  carbon, 

degrees,  Id'  tZ  ,0  nyo 

contained  1.87  ner  y  ,  .  °°  de£rees>  and  then  quenched, 

carbon.  Similarly,  a  piece^r^  ^  °43  per  Cent  combined 
and  quenched,  contained  no  °'  3  lr°n  heated  to  1170  degrees, 
combined  carbon.  AnnH  4~  P-Cr  CCnt  S^PUte  and  1.69  per  cent 

cooled  slowly  tQ  700  degrees  ^nrf  th  t0  1170  de*?rees  and 
per  cent  graphite  and  ™  then  ^uenched-  contained  2.56 

3-  *  corbined  carbon-  .  • 

1  the  separation  of  graphite  is 
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effected  progressively  more  feebly  as  the  temperature  is  lower 
and  the  amount  of  silicon  is  less. 

This  is  shown  by  the  following  results,  in  which  the  first 
column  gives  the  temperature,  the  second  the  graphitic  carbon, 
and  the  third  the  combined  carbon. 


No.  3  Iron, 

0.80  per  cent  Silicon 


Hours 

One 

800 

O.IO 

3-19 

Four 

800 

0.22 

3-°7 

One 

900 

O.3O 

2.97 

Two 

900 

0.60 

2.40 

Four 

900 

co 

LO 

1. 14 

One 

1,000 

0-37 

2.94 

Two 

1,000 

1.50 

1.41 

Four 

1,000 

1.47 

1.29 

No.  4  Iron, 

1.20  per  cent  Silicon 
Hours 

One  700  0.06  3.42 

Two  700  o.n  3.30 
Four  700  0.20  3.13 

One  800  0.12  3.08 

Two  800  0.51  2.47 

Four  800  1.64  1.56 

One  900  2.28  0.90 

Two  900  2.32  0.90 

Four  900  3.35  0.99 


No.  5  Iron, 

2  per  cent  Silicon 


Hours 

One 

700 

i-39 

1.90 

Two 

700 

2.09 

1. 19 

Four 

700 

2.67 

0.28 

One 

800 

2.36 

0.78 

Two 

800 

2.31 

0.89 

Four 

800 

2-43 

0.54 

One 

900 

2-33 

0.88 

Two 

900 

2.32 

0.90 

Four 

900 

2-33 

0.90 

It  is  seen  that  in  the  case  of  No.  5  iron  the  equilibrium  is 
obtained  at  the  end  of  one  hour  at  900  degrees,  since  the  amount 
of  graphite  does  not  vary  when  the  heating  is  continued  for  four 
hours.  In  No.  3  iron,  with  0.80  per  cent  silicon,  it  is  far  from 
being  attained  after  four  hours’  heating  at  the  same  temperature. 
In  the  irons  poorest  in  silicon,  the  phenomenon  is  not  seen, 
because  the  transformation  does  not  occur  at  temperatures 
than  1100  degrees  in  spite  of  prolonged  heating. 

4.  The  amount  of  combined  carbon  winch  corresponds  to 
the  equilibrium  at  a  given  temperature  dmnmshes  when  the 

amount  of  silicon  increases.  r,  f 

The  following  table  shows  the  figures  found  after  four 
hours’  heating  at  different  temperatures  For  the  samples 
Nos.  t  and  /the  reaction  was  started  by  heat.ng  to  l.5o  and 
I  loo  and  cooling  slowly  to  the  proper  tempera  ure . 


a. 

r* 

a 
a 
c n 

No.  1 
No.  2 
No.  3 
No.  4 
No.  5 


To  1100  deg. 

To  1000  deg. 

n-t 

-c 

<D 

<D  £ 

<D 

a)  £ 

■4-* 

£  O 

2 

% 

£  O 

3-2 

B  « 

2 

£h 

lM 

2  •£ 

E  « 

O  W 

O 

0  ^ 

O 

O 

O 

1. 15 

1.26 

i.74 

i-93 

1.03 

I  .OO 

i-74 

1.62 

1.61 

1.26 

1.60 

1.52 

2.10 

1.02 

2.20 

0.98 

2.18 

1. 00 

2.10 

o.93 

To  900  deg. 

To  700 

deg. 

<D 

+-> 

£  S 

a; 

HD 

<D  g 

2 

Cu 

rt 

O 

!•£ 

B  £ 

0  CJ 

O 

2 

cu 

£ 

O 

2  *2 

B  « 

0  0 
0 

1.87 

0.43 

I.67 

i*I7 

2.56 

0.38 

2.32 

0.90 

2.33 

0.90 

2.67 

0.28 
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Fig.  i.  White  cast  iron. 


Fig.  2.  Cast  iron  No.  2.  Reheated  to  ioco°C.  I 
Polished  but  not  etched. 

Bf:  I 


F‘g-  3- 


Cast  i,„„  No.  3.  Reheated 
Polished  but  not  etched. 


to  iooo°  c. 


Fig-  4-  Cast  iron  No.  5.  Reheated  to  i°°° 
Polished  but  not  etched. 
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-  The  amount  of  combined  carbon  which  corresponds  to 
the  equilibrium  diminishes  as  the  temperature  decreases . 

The  figures  given  above  already  indicate  this  diminution. 
We  give,  however,  the  results  obtained  in  two  series  of  experi¬ 
ments,  in  which  we  have  tried  to  approach,  so  far  as  possible, 
the  state  of  equilibrium.  For  this  purpose,  samples  of  i  and  3 
irons,  surrounded  by  pulverized  charcoal,  have  been  heated  to 
1170' degrees,  and  then  cooled  very  slowly;  at  a  rate  of  about 
50  degrees  per  hour,  from  different  temperatures ;  maintaining 
these  temperatures  for  two  hours  and  then  quenching.  F or  tem¬ 
peratures  below  900  degrees,  operations  lasting  more  than  a 
day  were  interrupted  and  continued  the  next  day ;  that  is  to  sa\ , 
after  reaching  900  degrees,  the  sample  was  allowed  to  cool,  and 
the  following  day  reheated  to  900  degrees,  and  the  slow  coolin^ 
of  the  samples  continued.  The  following  results  were  thus  oh 
tained : 


Temperatures 

Sample  No.  i 
Graphite  Combined 

deg. 

1170 

0.50 

Carbon 

2.61 

1100 

IAS 

1.74 

1000 

I.03 

1-74 

900 

800 

I*I5 

I*3I 

700 

1.87 

0.43 

Sample  No.  3 


Graphite 

Combined 

Carbon 

1.42 

1.69 

1.49 

1.48 

i-35 

i-55 

1. 91 

0.99 

2.09 

0.43 

2.56 

0.38 

The  microscopic  examination  of  the  different  ®a"'Ples  tr'Ja^|1 
confirms  the  resnlts  of 

information.  In  the  primitive  sta  P  irons  free 

well  known  aspect  of  white  irons  (  g-  .  respec- 

from  silicon  are  reheated  to  different  temp .  ^  ^nd  the  con- 

tive  dimensions  of  the  constituents  are  modified,  and 

uve  dimensions  or  •  according  to  laws  already 

centra  tion  of  the  martensite  varies  a  »  .  .,  ,  , 

;,r: 

S-rSS,  -s  - — - 

with  the  amount  of  silicon.  ,  ■  ,  -  i  -t  i..  i  een  tried 

When  we  examine  certain  samples  in  which  it  has  been  tried 

.  ,  '  th.  eriuilibrium  at  the  lower  temperatures,  we  notice 

to  obtain  t  1 1  ;  re  advanced  in  certain  regions  where 

r^r“in  direct  contact  with  the  ferrite  (Fig.  6). 


Fig.  5.  Cast  iron  No.  6.  Reheated  to  8oo°  C. 
Polished  but  not  etched. 


Fig.  6.  Ferrite  and  graphite. 
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It  is  natural  enough  to  admit  that  these  are  the  regions  where 
the  transformation  is  complete :  consequently,  the  stable  state  in 
the  cold  of  iron-carbon  systems  corresponds  to  the  coexistence  of 
the  two  phases,  pure  iron  and  graphite;  all  the  other  forms 
obtained  in  iron  and  steel,  notably  cementite,  would  be  unstable 
at  lower  temperature.  The  case  of  iron-carbon  systems  is  to 
be  compared  to  that  of  phosphorus,  for  which  the  stable  form 
in  the  cold  is  red  phosphorus,  but  what  is  obtained  and  used  most 
often  is  the  unstable  form  of  white  phosphorus. 

We  have  also  determined  the  critical  points  of  the  irons 
studied  by  the  pyrometric  method.  For  these  different  samples 
we  have  always  observed  two  very  distinct  critical  points,  prac¬ 
tically  at  the  same  temperatures.  The  first,  which  occurs  at 
about  700  degrees,  corresponds  to  the  resolution  of  the  pearlite. 
It  is  too  well  known  to  be  explained  here.  The  second  is  observed 
at  about  1150  degrees :  it  is  extremely  distinct,  as  shown  in 
Fig-  7,  which  represents  the  heating  and  cooling  of  an  iron  poor 
in  silicon.  It  is  produced  in  the  same  conditions  with  si  icious 

and  non-silicious  irons.  .  .  .. 

The  following  table  shows  the  temperatures  at  which  11 

second  critical  point  has  been  observed  for  the  dif  erent  samp  e 


Sample 

Heating 

No.  1 

1140 

No.  2 

1165 

No.  3 

H37 

No.  4 

1165 

No.  5 

1165 

Cooling 

1120 

1145 

1130 

ii37 

1145 


t  has  not  been  possible  for  u.  e  Jt^aphite 

corresponds  to  the  resolution  ^mentite  eutectic 

:ic  mixture,  or  to  that  of  the  —^“  formations, 

PprliarvQ  it  HiaV  CODlblflC  indicated 


ectic  mixture,  or  to  that  of  the  martensite  transformations, 
dure.  Perhaps  it  may  combine  tie  '  t^an  indicated 
ch  would  occur  at  much  doser  tempera  Harity  is  that 

Roozeboom’s  diagram.  A  very  in  e  ^  samples,  much 

critical  point  of  1150  degrees  is,  m  a  jt  is  the 

e  emphasized  in  the  heating  than  1  critical  points. 
fse  of  what  is  ordinarily  observe  ,W1  aiready  indicate 
The  observations  contained  in  t  us  diagram  require 

a  certain  number  of  points  in  R°oze  .  additional  expen 
lification ;  but  it  seems  necessary  to 
'ts  before  suggesting  a  new  chart. 


210 


The  Metallographist 


IRON  AND  STEEL  FROM  THE  POINT  OF  VIEW  OF 
THE  “  PHASE-DOCTRINE  ”  * 


By  Baron  HANNS  JUPTNER  VON  JONSTORFF 


THE  several,  and  to  some  extent  self-contradictory,  theories 
expounded  by  Professor  Bakhuis-Roozeboomy  in  his 
epoch-making  publication  of  last  autumn  have  induced  me  to 
reexamine  the  original  treatises  of  which  he  made  use  in  sup¬ 
port  of  his  views.  My  object  in  so  doing  is  to  aid,  if  possible, 
in  establishing  a  definite  basis  for  future  experimental  research, 
and  it  is  my  intention  now  to  deal  principally  with  the  state  of 
equilibrium  between  martensite  and  graphite. 

The  following  table  shows  the  results  of  Mannesmann’s 
cementation  experiments,  after  making  due  allowance  for  the 
correction  of  temperatures.  It  should  be  mentioned  that  in  cal¬ 
culating  the  latter,  precisely  the  same  method  has  been  followed 
as  that  employed  by  H.  Le  Chateliery  in  dealing  with  the  tem¬ 
peratures  of  the  fusion  of  substances  as  given  by  Mannesman!! : 


Percentage  of 
Carbon 

Temperature  of 
Saturation 

Percentage  of 
Carbon 

Temperature  of 
Saturation 

0  c. 

0  C. 

o-35 

400 

3-5 

1060 

0-5 

760 

4.0 

1070 

1.0 

890 

4-5 

10S0 

i-5 

960 

5.0 

1085 

2.0 

990 

5-5 

1090 

2*5 

1020 

6.0 

1095 

3*° 

IO4O 

6.5 

1 100 

On  the  other  hand,  Mannesmann  states  that  iron,  when  at 
the  melting-point  of  copper,  say  at  about  1050°  C,  can  absorb 
onl\  1.8  per  cent  of  carbon,  a  statement  strikingly  at  variance 
wit  1  t  e  data  gi\en  in  the  table.  Osmond, §  moreover,  suggests 

w  it  1  good  reason  that  Mannesmann  very  possibly  never  reached 
the  saturation  point. 


*  lron  and  St"!  Institute,  1901,  Vol.  I. 

t  BuZtV'll  TocmVek  ,"S‘i“‘tC■  ,9°°'  N0'  P'  3“’ 

•  22S  SS  PP:  Z 
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In  some  further  experiments  on  the  cementation  of  iron 
carried  out  by  Royston  *  the  following  values  representing  the 
rate  of  absorption  of  carbon  were  obtained : 


At  620°  C. 
«  720°  C. 

I030O 


0.0  per  cent  carbon 
0.85  “ 

1.50  “ 


But  unfortunately  these  results  can  only  be  regarded  as .  dnUou 
when  they  are  contrasted  with  the  experiments  of  Mannesmann 
I^h  Show  that  iron  could  take  up  2-75  per  cent  carbon  at  a 

temPC^n°»ext  hlted  a  sample  of  white  iron  containing  3.85 
per  cent  carbon  to  various  degrees  of  temperature,  allow.ng  it  to 
c^l  gradually.  The  iron,  when  analyzed,  was  found  to  contain. 


At  670°  C. 
“  720°  C. 
74c0  C. 


Combined  Carbon 
Per  Cent 
1. 10 
1.20 
3-05 


Graphitic  Carbon 
Per  Cent 
2-75 
2.65 
0.80 


Thus  it  is  seen  that  the  percentage  of^on  which—d 
in  the  combined  state  here  is  mu  difference  is  prob- 

•■■*  *  *• 

ri“  S' " 

white  iron  containing  3-  5  P  second  sampie  of  the  same  iron 
allowed  it  to  cool  grac  ua  ,  and  suddenly  quenched  in  water, 
was  similarly  heated  to  3  # 

He  obtained  the  following  rest 


After  gradual  cooling 
After  quenching 


Combined  Carbon 
Per  cent 
1.50 
i-5° 


Graphitic  Carbon 
Per  cent 
2.30 
2-35 


Alter  4uv. .  ° 

.riments  it  is  remarkable  that  the  proportion  of 
In  these  «per®e.n  ^  ^  equal.  The  second  ex- 

combined  carbon  ‘  „ssisted  in  throwing  some  light  on  the 
periment  might  av  g  ilibrium  if  it  could  have  been  shown 

"^sociati on  of  the  carbide  had  taken  place. 
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Turning  now  to  the  experiments  of  Saniter,*  more  impor¬ 
tant  results  are  to  be  noted.  He  heated  a  piece  of  iron  wire  of 
very  pure  quality,  0.04  inch  in  diameter,  in  a  porcelain  tube 
together  with  charcoal.  This  was  subjected  for  varying  periods 
to  a  temperature  of  900°  C.,  and  after  being  allowed  to  cool  in 
the  tube,  a  portion  was  removed  for  analysis.  It  was  found 
to  contain: 


- - - —  - 

Original 

Wire 

After 

7  hours 
heating 

After 

14  hours 

1  heating 

After  21  hours 
heating 

Total  Carbon .  .  . 
Graphitic  Carbon  . 
Combined  Carbon 

Trace 

Per  Cent 
1.64 

Per  Cent 
2.79 

Per  Cent 

2.95 

o-53 

2.42 

! 

Pearlite  with  bands  of 
cementite,  extending 
in  all  directions  to 
the  surface. 

Pearlite,  cementite,  and 
graphite  (the  latter 
could  not  be  detected 
under  the  microscope). 
The  cementite  was 
segregated  towards  the 
centre,  none  of  the 
bands  extending  to 
the  exterior ;  the  sur¬ 
face  of  the  wdre  was 
coated  wdth  graphite, 
which  was  carefully 
removed  before  analy¬ 
sis. 

at  which  the  carbon  was  absorbed  was  as  follows: 

In  _  1. 


In  the  first  7  hours 
second  7  hours 
third  7  hours 


Total 


1.64  percent 
1. 15  “ 

0.16  “ 

2.95 


from  which  Saniter  deduced  that  at  *  n, 

point  was  reached.  ’^5  Per  cent  the  saturation 

According  to  Professor  ArnoM+  .1 
begins  only  at  75°°  C„  and  increases  'he*‘fusi°»  of  carbon 
IS  reached.  He  states  that  there  diffuses^6"^  When  9000  C 

At  750°  C. 

At  900°  C. 


Iron  and  Steel  from  the  View  of  “  Phase-Doctrine  213 

Following  the  same  line  of  investigation,  Marguentte* 
heated  finely  divided  iron,  which  he  had  obtained  from  oxalate, 
for  three  hours  consecutively  in  a  current  of  carbonic  °*lde  &as’ 
and  then  found  that  the  following  quantities  of  carbon  had  been 

absorbed :  Carbon 

Percentage 

At  dull  red  heat,  635°  C.-6940  C.  (Taylor)  .  ■  •  6.60 

At  bright  red  heat,  843°  C.  (Taylor)  .  •  •  •  -55 

At  dark  orange,  950°  C.  (fusing  point  of  silver)  . 

In  this  connection  Osmond  points  out  with  reason  that  it 
cannot  possibly  be  due  to  mere  accident  that  the  format, on  of 
carbide  was  effected  in  the  first  two  instances. 

It  is  evident,  then,  that,  with  regard  to  the  process  o 
tation,  results  were  obtained  by  the  several  invest, gato 
while  differing  in  the  extreme  as  to  the  carbon  con  , 
striking  accord  in  the  result  that  the  cement  steel  «  * 
heating  was  always  found  to  contain  carbon  m  the  ombined 
form  alone,  and  it  was  only  after  the  second  or  at  any  rate  after 

a  prolonged  heating,  that  the  formation  °  g  P  distinct 

It  is  abundantly  clear  that  there  are  thus  two  entire  y 

phenomena.  eater’s  experiments,  which 

Particularly  instructive  are  ^  of  the  commencement 

demonstrate  that  within  four  ^  contained  only  martensite 

of  the  cementation  process  ^  bands  penetrated  the  entire 

and  cementite,  and  that  he  ^  end  of  twenty-one  hours 

mass  as  far  as  the  surfac  .  ^  near  the  centre,  and 

however,  the  cementite  S  successive  phenomena  point 

graphite  had  been  of  about  1000°  C. 

to  the  conclusion  .that  wth  q£  carbon  comp0und.  This 

graphite  is  not  the  mo  ^  0smond’st  observations,  which, 
view  is  also  strongly  bo  ^  views$  on  the  critical  points 

taken  in  conjunction  w»  -0  c  would  seem  to  furnish  ample 

in  the  neighbor  00  o  reaction  assumed  by  Roozeboom 

proof  of  the  existence  01  u 
to  take  place  at  this  temperature . 

Mixed  crystals  +  graphite  =  martensite  +  cementite. _ 

*  CBZul‘»  VVsocut jEncZalfmenl,  Vol.  V  .900.  PP-  657.  658. 
-i-  Journal  of  the  Iron  and  Steel  Institute,  1900,  No.  I.  p.  219. 
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It  must,  therefore,  be  assumed  that  the  absorption  of  carbon 
by  the  iron  at  the  temperature  in  question  is  accompanied  by  the 
formation  of  martensite,  —  and  that  in  the  first  place  the  state  of 
equilibrium, 

Fe  +  C  =  martensite, 

though  perhaps  only  apparent,  is  established. 

In  such  cases  where  the  martensite  does  not  come  into  im¬ 
mediate  contact  with  the  carbon,  that  is  to  say,  in  the  interior 
of  the  mass  of  iron  or  at  such  places  on  the  surface  where  no 
charcoal  actually  touches,  the  separation  of  cementite  may  occur, 
and  indeed  must,  when  the  point  of  saturation  corresponding  to 
the  given  temperature  is  reached,  and  thus  there  is  reached  a 
second  state  of  equilibrium, 


Martensite  +  cementite, 


\\  hich  not  only  explains  the  high  carbon  percentage  which  some 
investigators  obtained,  but  agrees  fully  with  the  micrographic 
observations  recorded  by  Saniter.  Whether  the  carburisation 

under  these  circumstances  can  be  continued  till  the  state  of  equi- 
librium, 

Graphite  -f-  cementite, 


reached,  is  open  to  question,  but  the  theoretical  possibility  of 
reaching  it  cannot  be  denied.  Evidence  of  this  is  also  afforded 
y  the  exPenments  of  Margueritte*  If  this  were  possible,  the 
corresponding  equilibrium  curve  would  be  represented  by  a  line 
•  lawn  ^rtica  to  the  carbon  percentage  line  at  6.67  per  cent 


hen  tin”  C^p^anatlon  tlle  occurrence  of  graphite  after  long 
to  consider  ^  prolon8:e(1  cementation,  it  will  be  necessary 

of  iron  lt  !  u  experiments  on  the  behavior  of  the  carbide 
follows:  hlghCr  temperatures-  Briefly  the  results  were  as 


obtained  by’  MargucrhtTwa  P°SS!b,.e  tllat  the  h'gh  degree  of  carburisation 
oxide,  instead  of  carbon  in  a^ol^ Lrm^  °*  ^  ““  °f  m°n’ 
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Graphitic 

Carbon 


Original  Carbide 
After  heating  in  nitrogen  to  J 
8oo°  C.  and  gradually  cool-  ^ 

After  heating  in  nitrogen  tc  1 
iooo°  C.  and  gradually  cool-  > 
ing . '  '  J  . 

After  heating  to  iooo°  C.  and  I 

then  quenching . ' 

Fused  with  magnesia  and  al-  I 
lowed  to  cool  gradually  •  •  ) 


It  will  be  noticed  that  with  ^J^^Margueritte’s  experi- 
carbide  dissociates;  this  is  show  nt  Qf  carbon  absorbed 

ments,  where  the  diminution  m  it  js  alSo  evident  that 

is  apparent  as  the  temperature  m  ^  com’mence  when  martensite 

the  dissociation  of  the  cei  <-  equation  — 

is  present,  probably  according  to  the  equa 

Cementite  =  martensite  +  graphite. 

1  to  be  accounted  for ;  for  instance, 
This  theory  still  leaves  much  .  ction  with  ferrite  m  the 

the  formation  of  grapute  1  j*  and  further  mvestiga- 

Brustlein  steel,  describee  }  definite  conclusion  can  be 

tion  of  which  is  necessary  before  any 

drawn.  under  consideration,  of  about 

Above  the  temperature  J  n  of  grapllite  +  martensite 

lOOO-  C.,  at  which  the  t”ncall  cxist  no  doubt  that  graphite  has 
into  cementite  occurs,  .  The  formation  of  graphite  1 

a  greater  stability  than  ^  this>  as  well  as  the  dissocia- 

slowly  cooled  iron  seems tc >  ^  so>  then  the  line  a  E,  which, 

tion  of  the  cementite.  .  hvpothesis,  indicates  the  separating 
according  to  R°°ze  h  corresponding  temperature,  must  cut 

ol,t  of  the  Rtaph.‘=  at  ^  ^  R  _ 

the  cementite  ci _ _ 


•emenmc  _ _ _ _ _ _ 

be  directed  ,0  the 

rsf  other  elements, 
influence  of  otner 


2l6 


The  Metallographist 


Of  great  interest  are  Le  Chatelier’s  observations  on  the  ex¬ 
pansion  of  steel  and  the  formation  of  troostite.  The  sudden 
contraction  attending  the  transformation  of  pearlite  into  troostite 
would  account  for  the  diminution  of  volume  which  so  frequently 
occurs  during  the  formation  of  solutions.  In  like  manner  it 
would  seem  reasonable  to  assume  that  the  equally  sudden  expan¬ 
sion  which  accompanies  the  transformation  of  troostite  into 
martensite  may  be  accounted  for  by  regarding  troostite  as  a 
solution  of  carbide  of  iron,  which  is  decomposed  or  becomes 
depolymerized  on  its  transition  into  the  martensite  form ;  the 
expansion  being  due  to  the  increase  in  the  number  of  existing 
molecules.  \ 


THE  EFFECT  OF  REHEATING  UPON  THE  COARSE 
STRUCTURE  OF  OVER-HEATED  STEEL* 

By  K.  FREDRIK  GORANSSON 


Introduction 


pHE  structure  of  steel,  when  rendered  coarse  by  over-heating, 
is  made  fine  by  reheating  to  a  certain  temperature,  the 
determination  of  which  has  received  much  attention  from  eminent 
metallurgical  authorities.  Among  these  I  may  particularly  men¬ 
tion  Professor  D.  Tschernoff,  who,  about  thirty  years  ago,  studied 

this  question  in  connection  with  his  investigations  on  the  structure 
of  steel  in  general. f 

Some  >ean,  later,  Mr.  J.  A.  Brinell  took  up  the  inquiry,  and 


bv  the  author  in  \r-  -  f  ”S  paper  1S  substantially  a  thesis  presented 
sity  in  New  York  ayk1901’  t0  tlle  faculty  of  Science  of  Columbia  Univer- 
Swedish  lantrua^  1  r  C0’lsent  l'le  Council,  it  is  published  also  in  the 

~Swed?  Mem,j'rs  °f  *"'f  r  f 

S’srs  PwXrrrimmtsf  tszirA 

srarr**-  t  rs 
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arrived  at  many  important  conclusions,  stated  in  his  well-known 

rules  on  the  treatment  of  steel  * 

These  two  gentlemen,  however,  based  their  reasoning  chiefly 
,  e  aspect  of  fractures  — a  method  which,  though  it  affords 
Xte  formation,  does  not  readily  reveal  the  different  steps 

by  which  a  change  in  structure  takes  place. 

'  For  further  light  on  the  subject  we  owe  much  to  more  recei 

microscopic  investigations,  which  have  made  us 
with  the  internal  structure  of  metals.  Sue  1  *  ’ 

closely  connected  with  the  present  subject,  and  mad  )  *  J 

E.  Stead  a  few  years  ago,  was  first  published  in  19  -T 

Regarding  the  cause  of  the d‘“5£f  Stead’s  observations 
structure,  as  the  result  of  annealing,  •  render- 

led  him  to  conclusions  somewhat  modifying,  or, 
ing  more  complete,  those  of  earlier  lnvestiga  takes 

Mr.  Brine, 1  found  that  the  -fmemen^o^struemre^  ^ 

place  at  the  same  temperature  as  onrludcd  that  the 

cement-carbon  into  hardening-carbon 

very  violence  of  the  transformation  destroys  P 

tallization.  _  .  .  micro-structure  of  a 

Mr.  Stead,  however,  in  examim  g  cent  0f  carbon, 

piece  of  over-heated  iron,  containm^  ^  glowly  cooled,  found 

which  had  been  reheated  to  830  •  diffusion  of  the  carbon 

evidences  of  another  factor.  namely;the  d,ft«s,o 

into  the  grains  of  ferrite.  He  say  s . 

»...  The  pear, it.  was 

be  easily  seen  to  what  point  t  e  ca  structure  is  broken  up.  We  con- 

has  diffused  into  the  ferrite,  its  cfj‘  .  ;  up  cf  the  coarse  structure  in 
elude  from  these  results  that  nrinell  maintains,  to  the  coincident 

carbon-steel  is  not  due  on  y>  <  n  but  also  to  the  carbon  diffusing 

change  of  cement-  into  harden.ng-carh ^  , 

after  such  a  change  has  been  _ _ . 

,  c  Fffected  in  Steel  by  Heating  and  Cooling. 

*  “  Textual  change®  Vol  XL,  pp.  9-38-  Abstracted  in  Journal 
Jernkontorets  Annaler  1&5,  ^  ^o.  ^  pp  365.367.  German  trans- 

of  the  Iron  and  Stec  u  v  /  y  p.  611.  .  , 

lation  in  Stahl  und  ’  ^n,c'ture  of  Iron  and  Steel.”  Journal  of  the 

PP-  ,45-189,  also,  The  Me UtteSraplmt, 


Iron 

October,  1898. 

t  Loc.  cit.,  P 


166. 
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The  aim  of  my  investigation  has  been  to  collect  additional 
facts  which  might  be  useful  in  the  further  study  of  this  problem. 

The  steel  I  studied  was  a  Swedish  Bessemer  steel,  rolled  to 
bars  of  8/ 16  by  8/ 10  inch.  Its  composition  was : 


Carbon 

Phosphorus 

Silicon 

Sulphur 

Manganese 


Per  Cent 
1.200 
0.028 
0.030 
0.002 
0.230 


1.  To  find  the 


The  plan  pursued  in  the  experiment  was*  *  X111U  LUC 

critical  range  of  the  steel;  2.  To  overheat  it,  in  order  to  get  a 
COayc  structure;  3.  To  reheat  it  to  various  temperatures,  at 
and  about  the  critical  range;  4.  To  study  the  effect  of  these 
heatings  upon  the  micro-structure. 


I.  Heating-  and  Cooling-Curves 

and  llZt'  ‘°  fi"d  CriHCal  rmge  ol  the  st“'.  several  heating- 
L  "  TeS  Tf  P  °“ed-  Some  of  these  curves  are  shown 
within  the  .  2  ■  ", '  one  retar<lation-point  could  be  detected 

retardaUon  T  ,° *  *he  <575°  .0  .060“  C).  This 

to  700°  C  in  Pr°e  3t  to  755°  C.  in  heating,  and  at  690° 

tat  the  Temperature  "at  **  U  " -V  .  ‘  : 

into  martensite,  and  vice  vcZa*  6  PearHte  C,la',geS 

•  H.  Overheating 

heated  to  above^isyo^C  ^  w?  CUt  UP  int°  pieCes  of  3  incheS’ 

- -il7°  Tlf^Jhen  cooled  slowly  with  the  fur- 

In  connection  with  these  cu  t  - - -  — — 

of  the  readings  for  the  heating  une^  would  say  that  in  the  case  of  one 
cated  a  fall  of  temperature  at  Flg;  tlle  pyrometer  indi- 

the  pyrometer  was  steady  and  T  ,1  remrdation-point.  The  movement  of 
by  any  defect  of  the  instrument  this  apparent  fall  was  caused 

been  somewhat  delayed;  and  nerl  "  , -S  Special  case  Ac'  seems  to  have 
to  be  more  violent  than  usual  1&PS  *  US  caused  the  transformation 
I  do  not  think  it  would  be  n 

the  appearance  of  these  few  curve^T*  t°  make  general  inferences  from 
cases  (b  and  c.  Fig.  i)  wu.  ,  ’  iut  1  desire  to  point  out  that  in  those 
high  temperature,  it  was  comnle^d  r.etardation  began  at  a  comparatively 

a  a  comParatively  low  temperature. 
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nace,  reaching  a  black  heat  after  three-quarters  of  an  hour.  The 
overheated  steel  was  then  cut  into  lengths  of  1.5  inch,  and 
reheated  to  the  following  temperatures : 


Tmax 

Treatment 

920°  C., 

.  .  .  .  Immediately  cooled. 

887°  “ 

.  .  .  -  Immediately  cooled. 

850°  “ 

.  .  .  .  Immediately  cooled. 

8160  “ 

Immediately  cooled. 

790°  “ 

Immediately  cooled. 

765°  “ 

Kept  at  760°  for  1.5  hr. 

760°  “ 

Immediately  cooled. 

748°  “ 

(Acl.) 

Immediately  cooled. 

72 5°  “ 

Kept  at  725 0  for  2  hrs. 

725°  “ 

Immediately  cooled. 

7 12°  “ 

Kept  at  695°  for  1.5  hr. 

68o°  “ 

Kept  at  66o°  for  2  hrs. 

675°  “ 

Immediately  cooled. 

675°  “ 

Kept  at  670°  for  2  hrs. 

625°  “ 

Kept  at  625°  for  2  hrs. 

575°  “ 

Kept  at  5750  for  2  hrs. 

The  coolings  were  made  naturally  in  the  air. 

In  examining  the  micro-structures  it  was  found  that  the 
overheating  had  changed  the  original  fine  structure  into  a  coarse 
net-work  of  cementite.  The  size  of  these  polygons  varied  very 
much.  In  general  they  were  smallest  in  the  center  of  the  bar; 
but  even  in  a  given  region  of  the  same  specimen  the  variation 
was  considerable.  This  fact  made  accurate  measuring  of  the 
size  of  the  grains  rather  difficult. 

The  internal  structure  of  the  grains  consisted  of  well-lam- 
mate  akes  of  pearlite,  with,  here  and  there,  isolated  lumps 
anc  ines  o  cementite,  which,  in  some  specimens,  had  the  form 

of  &?'ght  "eed  crossine:  each  oAer  apparently  at  an  angle 


III.  Reheating 

the  shapt^and  'sizToT  the'0"’  Ag‘  Seemed  *°  haVe  "0  effeC‘  °1 
structure,  however  was  slthri'^  ,  S™"*'  ^  '“Tf" 

for  a  couple  of  hours  at  f  Changed  ,n  specimens  “  soaked 

not  at  lower  temperatures!  TT?eratUre  Closely  below  Afl  (b 
tion  of  rings  of  cementite  .Tbls.chanSe  consisted  in  the  forma- 

*  isolating  small  lumps  of  pearlite  in 
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the  interior  of  the  grains.  It  would  seem  that  these  rings  were 
caused  by  a  flow  of  the  cementite,  which,  during  the  soaking, 
might  have  had  more  time  to  arrange  itself  than  it  had  during 
the  continuous  cooling  of  the  overheated  piece.  The  rings  had 
collected  in  certain  parts  of  the  grains,  leaving  other  parts  ap¬ 
parently  unchanged.  The  laminated  aspect  of  the  pearlite  was 
apparently  the  same  after  this  soaking  as  before. 

When  the  reheating  passes  Ac1  the  changes  are  more  pro¬ 
nounced.  A  twofold  transformation  seems  to  take  place:  (a)  a 
sudden  change  in  the  internal  structure  of  the  grains;  and  (b) 

a  gradual  change  in  their  boundaries. 

(a)  The  previous  lamination  of  the  pearlite  is  broken  up 
and  the  new  pearlite  is  rather  badly  laminated,  if  it  can  be  callec 
laminated  at  all.  Etching  with  20  per  cent  nitric  acid  makes  it 
appear  as  a  dark  mass,  covered  with  a  multitude  of  small  dots 
of  cementite,  looking  like  pin-holes.  Ihese  dots  are  prett\ 
formly  distributed  over  the  surface,  but  main  o  t  lem  siow 
tendency  to  arrange  themselves  into  rings  and  s  ort  rows, 
some  places,  even,  the  dots  unite,  making  continuous  ine® 
stead  of  dotted  ones;  but  this  is  not  genera  >  t  e  cas  ^ 

when  the  reheating  temperature  passes  800  C.  0  - 

stronger  tendency  to  melt  together  In  tha 

“f  netToerkdof  the  cementite,  enclos- 

pearlite,  while  otner  old  ones.  These  new  grains 

mg  a  new  set  of  gnu  but  as  the  temperature  rises, 

are  rather  small  and  irrefeu  d  ,  arrnmnanied  bv 

they  grow  larger  and  assume  a  polygonal  form,  accompamed  by 

a  more  regular  lamination  M  the  of  the  old 

(b)  As  to  changes  1  reheati  barely  passes  the  retarda- 

ZmpoL7  wTod  appreciable  effect  on  the  old  net-work  of 

- ;  "TTTft^  the  completion  of  the  experiment  here 

*  About  nine  "1°  er_heated)  but  not  reheated,  steel,  which  had  not 
described,  a  piece  ot  ov  f.fgt  examination,  was  reexamined,  and  was 

exhibited  such  rings  upon^  although  to  a  smailer  extent  than  was  shown 
then  found  to  contain  ’  ordy  new  manipulation  which  this  piece 

in  the  reheated  spe^'m<:”'olishing  and  reetching  —  the  latter  being  per- 
had  undergone  -n  tbe  same  manner  as  before.  This  ob- 

formed  with  drtute it  simjlar  ones,  would  indicate  that  the  formation 

servation,  if  con  *  in  cold  steeif  if  sufficient  time  be  al- 

of  the  cementite  rn  » 

lowed  for  it. 
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cementite;  but  as  the  temperature  rises  still  higher,  the  net-work 
becomes  disconnected  and  loses  itself  in  the  finer  net-work  of 
the  new  grains  above  described.  This  change  is  very  gradual 
and  is  not  completed  until  a  temperature  of  more  than  ioo°  C. 
above  the  retardation  point  has  been  reached.  That  the  trans¬ 
formation  is  a  question  of  temperature  rather  than  time,  is  shown 
by  the  fact  that,  in  specimens  soaked  at  760°  C.  for  1.5  hours, 
the  old  net-work  was  still  well  preserved. 

I 


IV.  Theoretical  Inferences 

The  above  observations  seem  to  indicate  that  the  destruction 
of  the  coarse  net-work  of  cementite  is  caused  by  its  carbon  being 
dissolved  in  the  martensite,  and  that  the  net-work  surrounding 
the  new  grains  is  formed  by  the  expulsion  of  cementite  from  the 
martensite  as  it  is  being  cooled. 

It  is  important  to  distinguish  between  the  formation  of  the 
grains  and  the  formation  of  the  net-work  of  cementite  between 
them,  for  it  is  probable  (and  is  generally  held)  that  the  grains 
exist  in  the  martensite  even  at  the  highest  temperatures,  and 
that  they  are  caused  by  a  tendency  of  the  particles  of  martensite 
to  arrange  themselves  in  certain  directions.  It  also  seems  that 

* 1C,  ^ie  temperature,  the  more  effect  has  this  tendency, 

and  the  larger  are  the  resulting  grains. 

Durin^  the  cooling,  cementite  is  expelled  from  the  mar- 

1  f  se^ms  to  collect  between  the  grains,  broaden  the 
boundar.es  and  enable  us  to  detect  them  by  the  microscope. 

a  much™ '  1C  cement  te  exPehed  in  the  overheated  steel  forms 
sted  Thm  "et'WOak  than  that  exPelIed  in  the  reheated 
tensite  into  cn*"  lCate  dlat  dle  Polarization  of  the  mar* 

processes  ”aS  b«"  between  the  two 

- Wllen  should  ‘his  destruction  of  the  polarization  have  taken 

*  A  fact  which  possibly  rniThTi^mZ^  7 - : — 

tion  is  the  dotted  or  imperfectlv  1  •  tC  a  destruct*on  of  this  polariza- 

cooling  from  temperatures  slitrhtl  ani"lated  asPect  of  pearlite  formed  in 
not  yet  know  the  cause  of  the  1  ^  d)PVe  tlle  retardation-point.  We  do 
thing  to  do  with  a  polarization nation  of  pearlite;  but  if  it  has  some- 
that  an  imperfect  polarization,  such  *  n,a.rt*nsite>  k  would  seem  natural 
temperatures,  would  go  handing  111Ig,lt  be  produced  at  the  lower 
the  pearlite.  ‘  ’ land  Wltl*  an  imperfect  lamination  of 
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place?  It  seems  to  me  that  we  have  two  possibilities:  Either 
the  destruction  of  the  polarization  might  have  taken  place  when 
the  reheating  reached  A cx  —  in  which  case  we  approach  the  view 
held  by  Mr.  Brinell ;  or  the  destruction  of  the  polarization  might 
have  already  taken  place  when  the  overheated  steel,  during  its 
cooling,  passed  the  recalescence  point.  According  to  this  hypoth¬ 
esis,  the  coarse  net-work  of  cementite  was  then  already  formed, 
and’  served  to  preserve  the  coarse  structure  of  the  steel,  even 
though  the  polarization  of  the  particles  no  longer  existed. -1' 


V.  Practical  Conclusions 

To  the  practical  question,  What  reheating  temperature  is 
needed  in  order  to  break  up  the  coarse  structure?  the  iepl>,  on  t  ie 
above  theory,  would  be  that  we  have  to  heat  the  steel  to  the  point 
where  all  the  cementite  has  been  dissolved  by  the  martensite.  -  n 
this  seems  to  be,  in  fact,  the  case;  for,  in  the  experiments 
scribed,  where  the  steel  had  been  reheated  to  850  C.,  tieie  we 
manv  of  the  old  large  grains  remaining ;  but  where  the  re  leating 
had 'reached  887°  C.,  the  large  grains  had  completely  disappeared 
According  to  the  curves  of  Sir  W.  Roberts-Austen  and  of 
Professor  Roozeboomj  the  cementite  of  a  1.20  per  cen  ca 
steel  begins  to  fall  out  from  the  martensite  at  about  870 
880 0  C.,  that  is,  at  a  temperature  intermediate  beP ween  th ie  r e 
ing  temperatures  of  850°  C.  and  877  C.,  determined 

future  experiments  must  decide.  -  ’  f  ti  crvs_ 

•  1  Cf-porl  in  the  experiments  on  tne  ens 

est  to  point  out  that  Mr.  Stead  P  ^  ^  paper>  already 

talline  structure  of  iron  and  8* *f  ’  at  900o  C.  for  steel  of 

cited,  found  a  refinement  o  ,  t  carbon 

0.01  per  cent,  and  at  ^^fo^steel  of^axi  ^ 

which^for^sifdi  steels^  respectively,  tfe  ferrite  begins  to  fail  out 

from  the  martensite.  _ _ _ 

is  favored  by  the  rearrangement  of  the  cementite, 

*  This  supposi  reheated  to  points  closely  below  Ac,  and 

already  mentioned,  in  specimc 

kept  there  for  some  time.  .. 

f  The  Metallograplust .  April,  1901,  P-  154- 
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POSTSCRIPT 

By  Henry  M.  Howe,  New  York  City 


The  work  described  in  this  paper  was  undertaken  as  a  step 
toward  studying  the  coarsening  of  the  grain  of  steel  which  takes 
place  as  the  temperature  is  progressively  raised  above  the  critical 
range,  and  the  refining  of  the  grain  by  reheating  to  that  range. 
A  recapitulation  of  the  points  shown  by  the  investigation  will 
facilitate  an  explanation  of  their  significance. 

\\  hen  steel,  the  grain  of  which  has  been  made  extremely 
coarse  by  greatly  overheating  it,  is  cooled  and  subsequently 
reheated  (for  instance,  as  a  step  in  annealing),  the  following 
changes  occur: 


1.  Segregation  below  Ac r  —  At  a  temperature  slightly  below 
Acx,  cementite  seems  to  segregate  into  rings,  apparently  because 
of  surface  tension.  Air.  Goransson  has  furnished,  so  far,  only 
slight  hints  as  to  this  action. 

2.  Behavior  of  the  Set-Work  of  Cementite.  —  If  the  tem¬ 
perature  is  cariied  above  Ac1(  the  cementite  net-work  is  progres¬ 
sively  re-absorbed  by  the  grains  of  martensite  which  it  surrounds. 
A  portion  of  Roberts- Austen’s  diagram,  reproduced  in  Fig.  3, 
shows  that,  in  the  cooling  of  such  hyper-eutectic  steel  from  about 

,  ,3^.  f  A r._M ) t  in  which  range  the  mass  of  the 

material  is  in  the  condition  of  martensite,  the  solvent  power  of 
tus  martensite  for  cementite  progressively  diminishes,  so  that 
cementite  progressively  separates  out  within  the  martensite,  form- 
in^  Use  into  a  net-work,  the  coarseness  of  which  is  propor- 

lona  e,  rougi  \  speaking,  to  the  temperature  to  which  the  steel 
had  been  previously  heated. 

Now,  the  re-absorption  of  the  net-work  of  cementite,  which 

tile  temnerat°n  ^  ^  Converse  of  this.  As 

tire  rises  from  Ar,_,  toward  A r,  the  solvent  power 

is  abk'to  lPr°SreSSiVe,y  increases  i  that  is,  the  martensite 

cementite  net-woriT  Thk  pro  °f-  prev!ousl-v  fo™e<! 
power  of  the  martensite  f£  Se."^, 
increase  in  the  case  of  •  ,  .  suuu  . 

to  explain  readilv  tl  11  .Wlt^  nse  temperature,  suffice 

appearance  of  the  n  T  pr®gressive  re-absorption  and  final  dis- 
appearance  of  the  net-work  of  cementite.  Mr.  Goranssons  ob- 
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serrations  in  this  respect  confirm  earlier  (unpublished)  obser¬ 
vations  of  my  own. 

When  hvper-eutectic  steel  is  heated  above  the  critical  range, 
and  thus  passes  into  the  condition  of  martensite,  and  is  then 


,  IpH  and  thus  changed  back  into  pearlite  and 

subsequently  cooie  k  of  the  cementite  is  coarser,  the  higher 
cementite,  the  ne  ^  ^  ha$  been  heated.  It  is  an  im- 

the  tC7P^^tion  whether  this  progressive  coarsening  of  the  cem- 
portan  q  jg  due  to  progressive  change  in  the  polarization 
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of  the  martensite  or  in  that  of  the  cementite  itself.  It  is  true 
that  in  martensite  that  is  free  from  this  net-work  of  cementite 
it  has  not  yet  been  found  possible  to  distinguish  this  progressive 
coarsening.  In  my  opinion,  however,  this  is  only  because  we 
have  not  yet  learned  how  to  detect  the  coarseness  of  the  grain 
in  the  martensite.  So  far  as  Mr.  Goransson  s  observations  go 
there  is  nothing  to  show  that  the  cause  of  coarsening  is  not  a 
progressive  change  in  the  polarization  of  the  cementite,  corre¬ 
sponding  to  the  temperature  at  which  the  cementite  begins  to 
separate  out  of  the  martensite  in  cooling.  This  temperature 
would  be  T.  max.,  provided  that  T.  max.  does  not  rise  above 
A r3.  as  may  indeed  have  been  the  case  in  his  experiments.  How¬ 
ever,  in  the  steel  which  Mr.  Sauveur  and  I  examined,*  we  found 
that  this  coarsening  continued  at  temperatures  far  above  Ac,  — 
at  temperatures,  consequently,  at  which  no  cementite  existed. 
In  my  opinion  this  shows  that  the  progressive  coarsening  of  the 
grain  is  due  to  a  change  in  the  polarization  of  the  martensite 
and  not  of  the  cementite,  since  the  temperature  at  which  the 
cementite  would  begin  to  form  in  cooling  would  be  one  and  the 
same,  viz.,  A r,  no  matter  whether  T.  max.  has  been  only  slightly 
or  very  far  above  Ac. 

3.  Formation  of  a  New  Net-Work  of  Cementite.  —  When 
the  overheated  and  then  cooled  steel  is  reheated  to  between  Ar.2_l 
and  Ar3,  for  instance  to  8oo°  C.,  part  of  the  cementite,  which  in 
the  former  cooling  had  become  insoluble  and  had  therefore  sep¬ 
arated  out  between  8oo°  and  A rM,  again  redissolves  and  diffuses 
into  the  surrounding  martensite.  When  the  steel  is  now  again 
cooled,  the  solvent  power  of  the  martensite  for  cementite  again 
decreases ,  hence  the  cementite  which  had  been  re-absorbed  is 
now  reexpelled,  and  in  this  new  expulsion  forms  a  new  net-work. 
It  is  in  accordance  with  the  views  which  I  have  just  expressed 

that  the  coarseness  of  this  new  net-work  of  cementite  increases 
with  T.  max. 

4.  Blurring  and  Subsequent  Reclearing  of  Pearlite.—  Mr. 
Goransson  observes  that  if  the  steel  be  heated  onlv  slightly  above 
A*Vl’  .,he  Pearhte  found  in  it  after  recooling  is  blurred.  If,  how- 
e\er,  le  Hating  )e  carried  somewhat  higher,  the  pearlite  is 
a^mcleared.  An  obvious  explanation  suggests  itself.  The 


See  Eng.  and  Min.  Jour  Vol  T  v  t»  o 

•’  v  o1-  LX-  Dec.  7,  1895,  P-  537- 
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original  pearlite  was  formed  through  slow  cooling  from  At 
downward,  which  splits  up  the  martensite  into  alternate  layers 
of  ferrite  and  cementite.  On  reheating  past  Ac,.*,  these  tend  to 
recombine  to  form  martensite  again;  but  at  the  relatively  low 
temperature  at  which  this  occurs,  and  in  the  relatively  rigid  state 
of  the  metal,  the  recombination  and  diffusion  of  the  sheetlets  of 
ferrite  and  cementite  into  each  other  are  relatively  slow.  If  we 
arrest  the  heating  when  the  temperature  has  passed  only  very 
little  above  Ac„  this  diffusion  is  incomplete,  so  that  traces  of 
the  former  pearlite  structure  remain  in  red-hot  metal.  When 
this  now  cools  below  Ar2_i>  and  the  martensite  formed  by  this 
imperfect  diffusion  again  resolves  itself  into  pearlite,  we  can 
hardly  expect  that  the  new  pearlite  will  be  well  laminated ;  for 
such  good  lamination  should  occur  only  when  the  original  mass 
in  which  the  pearlite  forms  is  approximately  homogeneous. 
Under  the  conditions  which  we  have  been  assuming,  the  structure 
of  the  old  pearlite  may  be  expected  to  cross  that  of  the  new.  Con¬ 
sider  two  adjoining  sheetlets  of  the  original  ferrite  and  cementite, 
suppose  that,  with  the  heating  past  Ac,,  they  had  diffused  so  far 
that  but  one-quarter  of  them  had  reconstituted  martensite  of  the 
pearlite  composition  (viz.,  0.80  per  cent  carbon),  but  that  on 
either  side  of  this  band  there  were  regions  of  hyper-eutectic  and 
hypo-eutectic  martensite  respectively.  In  their  recombination, 
then,  these  two  sheetlets  will  have  formed  at  this  moment  a  flake 
of  martensite  of  very  heterogeneous  composition ;  and  this  hetero¬ 
geneousness  is  quite  sufficient  to  explain  why,  when  me  mar¬ 
tensite  again  splits  up  into  pearlite,  that  pearlite  should  be  irreg¬ 
ular,  as  reported  by  Mr.  Goransson,  instead  of  being  well-lam- 

mated 

As  the  distance  above  Ac„  to  which  the  reheating  is  carried 
•  »Ur  increased  so  should  the  diffusion  of  the  ferrite 
and 1  cenwntite,  and  the  homogeneousness  of  the  resultant  mar¬ 
tensite,  increase;  and  so  should  the  regular, ty  of  the  pearhte, 
which  in  turn,  results  from  the  re-decompositton  of  that  mar¬ 
tensite  on  again  cooling,  increase.  Thus  may  the  blurring  and 

reclearing  of  the  pearlite  be  explained 

The  explanation  of  the  clouding  and  clearing  of  the  pearhte 

be  tested  in  a  simple  way,  which  will  probably  be  carried  out 
'n  mv  laboratory.  It  is  as  follows :  Heat  a  series  of  specimens  of 
steel  to  temperatures  varying  progressively  from  barely  above 
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Acx  to  a  temperature  high  enough  to  bring  about  the  clearing  of 
the  pearlite ;  but,  instead  of  cooling  them  slowly  so  as  to  form 
new  pearlite,  quench  them  in  water.  If  my  explanation  is  correct, 
then  those  quenched  from  temperatures  only  above  AcM  should 
exhibit  traces  of  the  old  pearlite  structure,  whereas  those  quenched 
from  higher  temperatures  should  show  no  such  traces.  Osmond 
has  given  the  first  indications  in  this  direction  in  his  masterly 
Methode  Generate*  in  which  he  figures  the  diffusion  of  the 
ferrite  and  cementite  into  each  other  in  passing  through  the  stage 
of  sorbite. 

5.  Mr.  Goransson’s  observation,  that  the  polygons  are  smaller 
in  the  center  than  toward  the  outside  of  the  specimens,  agrees 
with  older  observations  on  fracture,  and  tends  to  bring  fracture 
and  micro-structure  into  harmony.f 


PRACTICAL  PROBLEMS  IN  THE  METALLOGRAPHY 

OF  STEEL  t 

By  J.  0.  ARNOLD 

C^INCL  Sorby  in  1864  established  the  all-important  fact  that 
steel  must  be  regarded  as  a  crystallized  igneous  rock,  his 
work  has  been  greatly  expanded  by  the  international  labors  of 
many  able  microscopists.  Much  of  the  work  done,  however,  has 
been  of  academical  rather  than  of  practical  interest,  and  busy 
steel  works  metallurgists,  appalled  bv  the  rapid  growth  of  con¬ 
stituents  ending  in  “  ite,”  of  “eutectics”  and  of  solid  solutions 
o  cai  on  01  carbides  in  unisolated  allotropic  modifications  of 
iron,  are  already  beginning  to  ask  themselves  the  question,  Is 
micrographic  analysis  going  to  be  of  any  real  use  to  us,  and  if  so. 

''  iat  1  reckon  ?  nie  present  article  is  an  attempt  to  very 
briefly  answer  the  above  questions. 

f  tj10™-'  Prevalent  a  quarter  of  a  century  ago  that  steels 

.V."  -1Ca,  ^  KmiCal  corn Potion  would  necessarily  have  the  same 
-1U-<~  la_nKa _ properties  has  long  since  been  discarded.  But  per- 

t  Conipfre^Me^al {  “t™  "'"'j  Mc'V'  l895'  PP'  35 '6r  of  extract 

writer’s  Metallurgy  of  s'Jel,  Civ'  Eng-’  XV-  P-  and  thC 

t  Nature,  April  25,  1901. 
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hapS  steel  metallurgists  have  not  yet  fully  realized  the  disconcert- 
j  fact  that  steel  of  excellent  chemical  composition,  giving  highly 
satisfactory  mechanical  tests,  may  nevertheless  utterly  fail  in  use, 
possibly  with  disastrous  results.  In  other  words,  a  ductile  steel 
which  bends  double  cold  without  any  sign  of  flaw  or  failure  may, 
under  the  influence  of  vibration,  snap  like  a  piece  of  glass,  though 
onlv  subjected  to  mechanical  stresses  well  below  its  elastic  limit. 

In  connection  with  the  materials  of  construction  used  for 
hi^h  speed  engines,  both  land  and  marine,  it  is  at  the  present 
time  a  problem  of  paramount  importance  for  the  scientific  steel 
metallurgist  to  determine  the  cause  of  the  sudden  infidelity  of 
steel  (or  wrought  iron)  under  vibration. 

Data  in  the  writer’s  possession  prove  beyond  all  doubt  that 
steel  giving  splendid  chemical  and  mechanical  tests  may  rupture 
under  vibration  possibly  in  a  few  hours  or  perhaps  only  after  the 
lapse  of  twenty  years. 


lauac  ui  ivvuu;  j  *  - • 

There  is  little  doubt  that  in  many  cases  the  microscope  is 
capable  of  giving  warning  of  the  dangerous  character  of  a  ste<y 
chemically,  and  apparently  mechanically,  safe.  To  deserne  inte 
ligibly  the  structures  of  safe  and  dangerous  stee  s  it 


com  OAnci^pr  • 


a  double  carbide  of  iron 
sulphide  of  manganese, 


ar>d  manganese. 


3-  The  dove-grey  simple  constituent  su 


MnS. 

It  is  important  to  remember  that  in 


the  foregoing  constituents  are  only  comp  e  .  which  at  once 
Ua%  on  slow  cooling  from  a  full  red  heat,  ^  conStituents. 
Introduces  the  vital  question  of  the  nttj. 
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Speaking  broadly,  it  may  be  said  that  sulphide  of  manganese  is 
not,  under  working  conditions,  capable  of  migration  to  any  ap¬ 
preciable  extent.  Thus  it  remains  to  consider  only  the  migrations 
of  the  ferrite  and  pearlite. 

The  movements  of  these  constituents  on  heating  may  be 
termed  “  diffusion,”  and  their  movements  on  cooling  “  segre¬ 
gation.” 

On  heating  the  typical  steel  specified  to  about  700  0  C.  the 
compound  constituent  pearlite  is  converted,  with  absorption  of 
heat,  into  the  simple  constituent,  martensite,  at  Osmond's  point 
Acx.  Then,  passing  through  Osmond’s  points  Ac2.3,  the  con¬ 
stituents  ferrite  and  martensite  diffuse  one  into  the  other  till, 
at  about  8oo°  C.,  molecular  equilibrium  is  eventually  established. 

If,  however,  the  steel  be  cooled  very  slowly,  the  molecules 
of  martensite  and  of  ferrite  will  perfectly  segregate  in  the  repect- 
ive  proportions  of  about  45  and  55  per  cent.  Then  at  Arx,  about 
640  C.,  the  martensite  will  decompose  into  the  compound  con¬ 

stituent  pearlite,  which,  owing  to  the  presence  of  manganese, 
will  be  granular  and  not  laminated.  On  the  other  hand,  if  the 
steel  is  somewhat  quickly  cooled  in  air,  the  segregation  of  the 
constituents  will  be  imperfect  and  the  apparent  proportion  of 
pearlite  relatively  large,  because,  owing  to  the  influence  of  the 

manganese  present,  the  phenomenon  of  constitutional  segrega¬ 
tion  is  retarded. 


As  a  matter  of  fact,  the  apparentlv  large  area  of  dark  pearl 

is  really  an  extremely  intimate  mixture  of  true  pearlite  and  v 
segregated  ferrite. 

The  writer  is  aware  that  these  statements  mav  provoke  the 

retical  opposition,  but  they  nevertheless  describe  the  observ 

ac  s,  anr  )\  these,  and  not  by  theories,  the  practical  metallurg 
must  be  guided. 

e-estions^kf^t  art*c^e  is  difficult  to  do  more  than  give  su 

» r:  °i ,l,at  the  majority  of  pi 

Such  renrfxjpntot-  *  a  Sing  e  Plane  of  transverse  sectic 

3  1  knowledge 

uc  termed  the  solid  geometry  of  steel 

r-**  *-  * ma 

each  other,  namely  (,n  P  °£  Sectlon  at  rigllt  angkS 
horizontal  section  fri  a  in  “’T™  section,  (6)  a  longitudn 
’  )  longitudinal  vertical  section.  From  th( 
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the  exact  form  in  which  any  constituent  exists  in  the  mass  can  be 
determined. 

As  an  example,  the  case  of  the  constituent  sulphide  of  man¬ 
ganese  may  be  taken.  It  must  be  remembered  that  .09  per  cent 
by  weight  of  sulphur  corresponds  to  no  less  than  .5  per  cent 
by  volume  of  manganese  sulphide,  a  very  appreciable  amount  for 
a  micro-constituent. 

In  the  original  ingot  during  solidification  and  cooling  the 
sulphide  segregates  into  roughly  globular  masses.  On  reheating 
the  ingot  for  rolling,  the  sulphide  liquefies  and  the  liquid  globules 
are  elongated  in  the  direction  of  the  rolling,  and  necessarily  to 
some  extent  in  a  line  at  right  angles  to  that  direction.  I  ence 
a  steel  plate,  the  sulphide  may  present  in  the  three  p  ane. 
section  above  specified  the  appearances  exhibited  in  *?■>•  i-  ' 
shows  that  the  sulphide  is  distributed  throughout  the  steel  in  the 

form  of  irregular,  oval  laminae. 


t  •  +w  the  evil  mechanical  influence  of  this 
It  will  be  obvious  tha  ,  the  iength  of  the  plate, 

constituent  will  be  at  its  nunimum  *  dangerous  maximum 
somewhat  greater  across  the  plate,  and  at 

through  the  thickness  of  the  p  ate.  of  steel  works’ 

Perhaps  an  obstacle  to  *e  ^  an 

metallography,  even  g  is  the  apparatus,  time,  care 

necessarily  complicate  n  be^  necessary  to  obtain,  by  Pol¬ 

and  special  re-agents  ™PP°^r“  eetion.  In  the  advocacy  of  this 
ishing  and  etching.  f  more  earnest  than  the  writer,  and  for  re¬ 
view  no  one  has  bt,ess  sound.  But  for  works'  purposes, 

search  purposes  it  must  be  confessed  that  such 

in  connection  with  most  ste^, 

"eCe  The  writer  has, Themtae,  pleasure  in  withdrawing  his  former 
view  owing  to  experience  having  proved  that  by  a  very  much  s.m- 
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plified  modification  of  method,  a  micro-section  may  be  placed 
upon  the  stage  for  examination  in  five  minutes  after  it  leaves 
the  dead  smooth  file  in  the  machine  shop.  This  process,  which 
entirely  does  away  with  elaborate  polishing  apparatus  or  special 
etching  re-agents,  is  as  follows : 

Take  two  pieces  of  hard  wood,  12"  X  9"  X  1”,  planed  dead 
smooth  on  one  side;  then  by  means  of  liquid  glue  evenly  attach 
to  the  smooth  faces  two  sheets  of  the  London  Emery  Works  Co.’s 
Atlas  cloth,  No.  o.  Allow  the  glue  to  set  under  strong  pressure. 
Next,  by  means  of  a  smooth  piece  of  steel,  rub  off  from  one  of 
the  blocks  as  much  as  possible  of  the  detachable  emery.  This  is 
No.  2  block,  the  other,  necessarily,  No.  1  block. 

The  steel  section,  say  l/%  inch  thick  and  *4  inch  diameter, 
is  rubbed  for  one  minute  on  No.  1  block,  the  motion  being  straight 
and  not  circular ;  then,  for  the  same  time  and  in  the  same  manner 
rub  on  No.  2  block.  Next  place  the  bright  but  visibly  scratched 
section  in  a  glass  etching  dish  3"  X  T  X  Vi" ,  and  cover  the  steel 
with  nitric  acid,  sp.  gr.  1.20. 

\\  atch  closely,  until  in  a  few  seconds  the  evolved  gases  ad¬ 
hering  to  the  section  change  from  pale  to  deeep  brown  and  effer¬ 
vescence  ensues.  Then,  under  the  tap,  quickly  wash  away  the 
acid  and  for  a  minute  immerse  the  piece  in  a  second  dish  con¬ 
taining  rectified  methylated  spirits.  Dry  the  section  by  pressing 
it  several  times  on  a  soft  folded  linen  handkerchief,  when  it  will 
be  read}  for  examination.  The  structure  will  be  clearlv  exhib¬ 
ited,  the  innumerable  fine  scratches  visible  before  etching  having 
virtually  vanished. 

1  he  micrographs  illustrating  this  article  were  prepared  in  a 
\  er a  few  minutes  by  the  above  process,  and  have  been  accurately 
reproduced  b}  Mr.  F.  Ibbotson.  The  writer  hopes  that  this  simple 
and  rapid  method  may  help  to  stimulate  in  steel  works’  practice 
a  more  extensive  study  of  metallography. 
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MICRO -CRYSTALLINE  STRUCTURE  OF  PLATINUM* 

By  THOMAS  ANDREWS 

>TAHE  crystalline  structure  of  platinum  does  not  appear  to 
1  have  been  studied,  although  it  forms  an  interesting  sub¬ 
ject  for  investigation. 

A  small  ingot  of  pure  platinum  was  obtained  for  tlie  ex¬ 
periments.  A  section  was  cut  therefrom  and  machined  to  7„ 

inch  square  and  ‘/io  '"d1  m  thickness.  The  sectl°n  ''^S 
carefully  polished  and  etched  in  aqua  regia  of  the  follow  in, 

strength : 

4  parts  of  hidrochloric  acid  (sp.  gr.  1.2 ). 

1  part  of  nitric  acid  (sp.  gr.  i-42)- 

When  the  polished  micro-section  was  immersed  m  the ■  *iua 
regia  solution  hr  the  cold,  no  solvent  action  occurred  aPhough 

the  metal  was  exposed  for  a  considerab  e  time  in  “dually 

The  temperature  of  the  etching  solution  was  then ■  gradual  y 

raised  to  boiling  point,  at  which  it  was  ^"'h*‘platinumj  as  ascer- 

but  it  had  apparently  no  visible  f  having  previously 

tained  by  microscopical  examina  1  , 

washed  the  section  with  water  and  pure  a  co  again  ex. 

The  etching  Process  "’af  'seconds,  but  after  microscopical 
posed  for  a  further  period  o  3  ;t  was  found  that  even 

examination  of  the  surface  o  s  loped  a  structure  in  the 

this  exposure  had  not  satisfactorily  developed 

metal.  .  r„„eated  and  the  micro-section 

The  etching  process  was  aga  1  boiUng  aqua.regia  solution 
exposed  for  another  15  secon  hotter  crystalline  structure, 

above  described.  This  developed  a  b'  ^  ^  same  micro. 

though  not  a  thoroug  i  >  sa  ain  exposed  to  the  action  of 

section  of  platinum  was  there  fe  45  seconds,  resulting  m 

boiling  aqua  regia  for  a  crvstalline  structure  which  mam- 

the  development  of  a  eau  1  •  ary  crystal  grains  but  also  the 

fested  not  only  the  large  °  ^  Une  development  which  is  illus- 
secondary  or  very  minute J  . 

trated  in  the  following  P*o  structure  of  pure  platinum 
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as  seen  in  transverse  section  by  oblique  illumination  at  a  mag¬ 
nification  of  50  diameters. 

Fig.  2  shows,  at  a  magnification  of  120  diameters,  the  crys- 


Fig.  1.  Transverse  section,  oblique 
illumination. 

Magnified  50  diameters. 


Fig.  2.  Transverse  section,  vertical 
illumination. 

Magnified  120  diameters. 


l-.g.  3  and  4  primary  and  secondary  crystals.  Vertical  illumination. 
Magnified  360  diameters. 


talline  structure  as  mdicated  in  transverse  section  by  the  direct 
or  vert, cal  method  of  illumination.  This  micro-section  illustrates 
the  general  form  of  the  primary  or  large  crvstal  grains,  and  also 
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indicates  the  existence  of  very  minute  crystals  within  the  bound¬ 
ary  lines  of  the  larger  crystal  grains. 

The  structure  and  general  orientation  of  the  minute  sec¬ 
ondary  crystals,  as  seen  in  section  by  vertical  illumination  at  the 
higher  magnification  of  360  diameters,  are  illustrated  in  Figs.  3 


and  4. 

The  larger  or  primary  crystal  grains  were  observed  to  con¬ 
sist  of  irregular  polygons  of  varying  size,  the  etched  indications 
of  the  facet  junctions  being  often  clearly  and  sharply  defined. 

The  minute  or  secondary  crystals  (whose  inter-crystalline 
junctions  were  also  clearly  seen)  were  in  the  mass  observed  to 
be  in  varied  positions  of  orientation,  but  the  orientation  was  gen¬ 
erally  identical,  or  on  the  same  plane,  within  the  area  of  cac  1 

larger  crystal  grain.  .  ,  , 

The  general  orientation  of  the  smaller  crystals  varied,  how¬ 
ever,  in  each  separate  larger  crystal,  and  the  consequent 
reflection  of  the  light  has  given  the  face  of  the  micro-section, 
as  a  whole,  the  appearance  of  lighter  or  darker  areas  in  the  photo¬ 
micrographs.  This  effect  is  merely  optical.  . 

In  some  portions  of  the  mass  there  were  obser'cd  ‘ 
triangular  crystals;  these  appear,  however,  to  be  only  devetop- 
ments  resulting  from  the  cutting  of  certam  crystals  in  sectiom 
The  general  micro-crystalline  structure  of  platinum  was  ob 

served  to  be  allotriomorphic  in  character  ^ubic  tad  heva- 
system  of  interfering  cubes  and  oc.ahedra,  the  cubic  and  hexag 

onal  form  being  frequently  noticea)  ^  about  .002 

The  size  of  the  crystals  ranged  from 

inch  to  .04  men  m  size, 

about  .0002  inch  to -about  smaller  or  secondary  crystals 

more  minute  crystalline  ramifications. 
™e  crysmZe  structure  of  platinum  appears  generally  .0 

resemble  that  ?£  ®°ldw“js  «  primary  ”  and  “  secondary  ”  crys- 

The  descrip  relation  to  size,  and  they  are  not  intended  to 

tals  are  on  y  use  .  .  times  of  formation  during  solidifi- 

convey  the  idea  of  distmcu 

cation. 
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In  connection  with  the  present  investigation  reference  may 
be  made  to  the  valuable  researches  of  Professor  Liversidge  oil 
“  The  Crystalline  Structure  of  Gold  and  Platinum  Nuggets.”* 
On  comparison  there  appears  to  be  considerable  identity  between 
the  crystalline  structure  of  natural  platinum  nuggets  and  that  of 
the  platinum  ingot  examined  by  the  author,  the  crystalline  joint¬ 
ings  appearing  to  be  similar  in  character. 

A  general  analogy  appears  also  to  exist  between  the  crys¬ 
talline  structure  of  pure  platinum  and  that  of  pure  gold,  which  is 
noticeable  on  comparing  the  illustrations  in  the  present  paper 
with  those  in  the  following  papers,  viz. :  “  On  the  Structure  of 
Gold  and  Gold  Alloys,”  by  Professor  J.  O.  Arnold, f  and  “  On 
the  Structure  of  Metals,  its  Origin  and  Changes,”  by  M.  Osmond 
and  Sir  Roberts-Austen.ij: 

This  identity  of  structure  is  further  seen  on  referring  to  the 
illustrations  in  the  paper  on  “  The  Microscopic  Structure  of  Gold 
and  Gold  Alloys,  by  Air.  Thomas  Andrews. § 


MICROSCOPIC  EFFECTS  OF  STRESS  ON  PLATINUM  || 

By  THOMAS  ANDREWS  and  CHARLES  REGINALD  ANDREWS 

THf  n(1*cros^0P*c  effects  of  stress  on  platinum  do  not  appear 

r  ia'C  3e^n  stU(^e<T  An  ingot  of  pure  platinum  was 
therefore  prepared,  and  from  „  O  , 

,  ,  om  tllls  a  portion  was  accuratelv 

afterward  th'  °rm.of  a  cub<=.  0.30  inch  square,  which  was 
to  ;  f“lly  microscopically  polished,  and  then  subjected 

to  compress, ve  stress  ,n  the  testing  machine. 

noses  TmlisWI  *Ppl,Ca*i°in  of  str«s,  and  for  comparative  pur- 
p  ses,  a  polished  face  of  the  platinum  cube  was  microscopically 

p.  ro.  PUtT^’  R°>al  S°C'“y  of  Ne'w  Wales,  1897.  Vol.  XXXI, 

§  Engineering,  September  30.  0«ob°  ^  r,  and  Flg'  l6'  Plate  '° 

Metallographist ,  Vol.  II,  p  I0-  Cr  December  9,  1898;  The 

II  Head  before  the  ’Royal  Society,  May  ,s.  ISK2. 
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examined,  but  an  even  polished  surface  only  was  observed. 
A  force  producing  a  compression  of  10  per  cent  on  the  total 
height  of  the  cube  was  then  applied,  and  microscopic  observa¬ 
tions  were  taken  at  high  magnifications  of  the  effects  ot  tne 
stress  on  the  micro-crystalline  structure  of  the  platinum  cube. 
The  particulars  of  the  stress  applied  are  given  on  Table  I. 

The  polished  side  of  the  cube  upon  which  the  high-power 
microscopic  examination  was  made  was  the  one  in  line,  or  in 
parallel,  with  the  direction  of  the  compressive  force.  The  results 
observed  were  very  interesting,  and  confirm  Professor  Ewing  s 
and  Mr.  Rosenhain’s  observations  on  the  peculiar  manner  in 
which  the  crystalline  structure  of  a  mass  of  metal  becomes 
altered  when  under  stress.* * 

On  comparing  the  appearance  of  the  platinum  after  having 
been  stressed  with  its  appearance  before  the  application  of  sties:-., 
it  was  found  that  many  of  the  individual  large  or  primary  crystal 
grains  forming  the  mass  had,  under  the  influence  of  the  strain, 
developed  innumerable  fine  “  stress  bands  or  slip  bands,  or 
indications  of  crystalline  slip.  1  he  main  lines  of  disruption  were 
noticed  in  manv  instances  to  roughly  approximate  to  an  ang  e 
of  about  450  to  the  line  of  the  compressive  force  on  the  crystal 
sectional  facets.  Between  these  large  indications  of  crystal  me 
slip  were  observed  a  number  of  extremely  fine  lines,  indicative 
of  the  nature  of  the  crystalline  slip;  many  of  these  ran  more  or 
less  in  parallel  lines  in  each  individual  primary  crystal  or  crysSd 
grain,  the  direction  of  the  orientation  (or  line  of  the  o 
cleavage)  of  each  primary  crystal  grain  apparently  influencing 
the  direction  of  the  “slip  bands,  as  seen  in  section. 

Owing  to  the  varied  orientation  of  the  different  crysta  s  in 
the  mass  of  the  platinum, t  the  lines  of  cleavage  as  md.cated 
by  the  minute  “slip  bands,”  were  often  seen  at  varted  angles 

to  the  line  of  the  straining  force. 

These  experiments  have  also  confirmed  the  observations  of 

,  „  7T  T  „ture  1899.  Phil.  Trans.,  A,  Vol.  CXCIII,  1900,  p.  353- 

•  c3  “Micro-crystalline  Structure  of  Platinum,”  by  Thomas  An- 

T  beC  c  Proc  Vol.  LX IX,  March  21,  1902,  No.  457.  P-  433 ;  also 
drews,  Roy.  -bn-  ”  of  Go](1  and  Gold  Alloys,”  by  Thomas  Andrews, 
“Microscopic  October  28,  December  9,  1898;  also  “  Micro- 

Engineenng,  Tron  ”  bv  Thomas  Andrews,  Roy.  Soc.  Proc.,  Vol. 

metallography  of  iron,  . 

LVIII,  1895- 
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Fig.  i.  Structure  of  platinum  after  compression, 
showing  crystalline  slips.  Magnified  1 20  diameters 


Fig.  2.  Crystalline  slips.  ... 

Magnified  120  diameters  .  'S‘  3*  Same  as  Fig.  2. 

Magnified  250  diameters. 
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Professor  Ewing  and  others,  that  stress  alone,  without  etching, 
sometimes  renders  manifest  the  lines  of  intercrystalline  junction 
of  the  large  or  primary  crystal  grains  of  a  stressed  metal,  pro¬ 
viding  that  the  stress  is  of  sufficient  intensity.  This  will  be 
seen  on  reference  to  the  accompanying  illustrations,  Figs.  1,  2 
and  3. 

The  general  appearance  of  the  disintegration  of  the  large 
or  primary  crystal  grains,  produced  by  the  pressure,  on  the  pure 
platinum  cube,  was  the  apparent  breaking  up  of  the  crystalline 
structure  of  the  metallic  mass,  as  seen  in  section,  roughly  diag¬ 
onally  to  the  line  of  the  compressive  force.  The  area  enclosed 
by  the  main  lines  of  disruption  roughly  approximating  to  the 
size  of  the  large  primary  crystal  grains.  The  distances  between 
the  extremely  fine  lines,  or  “  slip  bands,”  appeared  roughly  to 
coincide  proportionately  with  the  size  of  the  secon  ar>  or  m°  ^ 

minute  crystals  forming  the  mass,  the  ^ner  s  )a 
appearing  to  indicate  the  crystalline  slip  which  had  taken  place 

along  the  facets  of  the  smaller  or  secondary  cr\  sta  s. 

..  \  r  ■  i:nes  of  the  crystalline  disruption  did 

tion,  however,  of  the  main  lines  o  .  intercrystalline  facet 

not  appear  always  to  coincide  w  .  T1  ,•  f 

junctions  of  the  large  or  primary  crystal  grams.  The  mes  of 

least  resistance,  or  greatest  crystalline  sl.p  £ 

develop  at  an  approximate  angle  of  al?out  5  f  eatest 

pressure  line,  as  Prev‘OUf^ ^"“of "the  metal  was  not  always 

weakness  in  the  mass  struct  f 

at  that  angle  with  the  line  of  t  e  4sn,p .  ximateIy  indi. 

The  previous  description  gen  J  I  q£  ^  crystalline 

cates  the  effect  observed,  “  subject  to  modifications 

structure  of  ‘he  ^emal  conditions, 

according  to  varied  i  experiments  may  prove  of  use 

The  authors  hope  that  ^  clomp!imtive  behavior  of  this 

in  affording  f"  ’mhca  platinum,  with  the  behavior  of 

‘■Vrro-^ar „  ol  noble.  ^  jron  and  steel>  when 

the  constructive  n  ’  .  and  t|le  experiments  have  also 

nnder  the  " 'influences  of  stress  in  the  heavy 

nlTplatim.nl  are  analogous  to  those  which  have  been  observed 

in  metals  of  lower  specific  gravity. 
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Compressive  Stress  applied  to  Platinum  Cube. 


Cross- 

section 

Dimensions, 

inches 

Area 

Square 

inches 

* 

Height 

before 

test 

Inches 

Stress  required  to 
compress  sample 

10  per  cent  of 
its  original  height 
Tons  per  square  inch. 

Platinum  cube 

0.30  X  0.29 

0.087 

0.30 

12.82 

THE  MICROSCOPE  AND  THE  METALLURGY  OF  STEEL* 

By  C.  H. 

I  T  is  not  the  intention  of  this  article  to  explore  all  the  details 
in  connection  with  the  practical  application  of  the  art  of 
microscopy  to  the  study  of  the  physical  construction  of  steel. 
A  brief  review  in  a  general  way  will  be  given  on  the  microscopy 
of  cast  steel  as  the  result  of  a  study  and  a  long  series  of  experi¬ 
ments  conducted  by  the  Leighton  &  Howard  Steel  Company, 
formerly  the  Shickle,  Harrison  &  Howard  Company,  of  St. 

Cast  steel,  by  its  great  strength,  its  marvelous  ductility,  its 
s  loc  resisting  qualities  and  its  adaptability  to  many  purposes 
where  such  qualities  are  necessary,  is  a  material  worthy  of  the 
ai  miration  of  engineers.  The  study  to  improve  upon  the  manu¬ 
facture  of  and  the  qualities  of  cast  steel  offers  an  inviting  field 
for  research  and  investigation.  When  cast-steel  is  used  it  is 
but  fair  to  both  manufacturer  and  purchaser  that  it  should  meet 
the  expectation  of  all  concerned.  To  make  cast-steel  that  is  a 
credit  to  the  manufacturer  and  satisfactory  to  the  consumer  is 
an  art  that  is  making  rapid  progress.  It  has  been  evident  to 
engineers  and  metallurgists  for  some  years  that  to  explain  some 
of  the  physical  properties  of  cast  steel,  a  knowledge  bevond  that 
gamed  by  a  mere  chemical  analysis  was  needed.  It.  was  when 
this  point  was  fully  realized  that  the  microscope  came  .0  the 


*  The  Railroad  Gazettp  Tun* 
are  reproduced  here  through'the  cour^cf  the 
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By  its  aid  the  discovery  was  made  that  only  by  a  certain 
crystalline  arrangement  was  steel,  of  a  known  chemical  analysis, 
and  for  a  specific  purpose,  in  the  best  possible  physical  condition 
to  perform  successfully  the  service  demanded.  Chemistry  cannot 
explain  the  different  degrees  of  crystallization.  By  chemical 
analysis  we  learn  the  ultimate  composition.  By  the  microscope 
can  be  acquired,  in  a  great  measure,  information  regarding  the 


structure  of  steel. 

Of  great  importance  in  fixing  the  proper  crystalline  struc 
ture  is  an  intelligent  knowledge  of  heat  treatment  and  therma 
conditions  throughout.  The  accompanying  engravings  from 
photographs  made  through  a  microscope,  show  p  am  y  t 
changes  in  the  structure  of  cast  steel  as  the  result  of  annea  ing. 
The  photographs  were  made  from  specimens  from  the  same  piec 
of  steel,  subjected  to  different  temperatures.  Tig.  1  siows 
usual  structure  of  normal  steel  as  cast.  The  ig  par  ^ 

known  as  “ferrite”  or  carbonless  iron.  The  dar  par 

known  as  “  pearlite,”  an  alloy  of  iron  and  carbon.  Steel  wtth 

this  structure  is  brittle,  stands  a  P™’  resist  shocks 

not  give  good  results  in  ductilit}  , 

or  torsional  and  transverse  strains. educed  bv  judicious  heat- 

Fig.  2  shows  a /‘The'ultimate  composition  and  the  pro- 
treatment,  or  anneal,.^  The  ^  same.  The  difference 

portion  of  pearlite  and  fe^  ^  constituents>  the  photograph 

is  in  the  chffusio  complete  obliteration  of  the 

showing  a  fine  nucro-gram  an  ^  ^ 

withmif0  manifesting  brittleness.  It  has  great  ductility  and  can 

be  bent  flat  upon  itself  ^ imperfect  or  over-heating. 

Fig.  3  Shows  a  a  growth  of  a  larger 

It  will  be  seen  there  ^  enlargement  of  the  crystals  of  the 
micro-grain,  along  \  le  than  the  first  specimen  and  falls 

mass.  Such  steel  is  hneSs  of  the  second, 

short  of  the  ducti  lty  ai  extensive  exhibit  of  results  from 

Fig-  f^thes^  experiments  and  shows  clearly  the  effect  of  heat 
a  series  of  these  1  ^  of  the  steel.  All  of  these  speci- 

on  the  P^sf^m^ne  piece  of  steel,  having  0.39  per  cent  of 

mcn  v 111  January> i9o2>  number  °f  The  Metai~ 

lographist,  page  7& 
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carbon.  The  treatment  was  applied  in  an  electrical  furnace  and 
the  temperature  taken  with  a  Le  Chatelier  pyrometer.  The  pieces 
were  cooled  slowly  and  bent  when  cold.  Fig.  5  shows  a  specimen 
of  properly  annealed  steel  before  and  after  subjection  to  a  tensile 
test.  The  tensile  strength  developed  was  69,600  lbs.,  with  an 
elongation  of  32  per  cent  and  a  reduction  in  area  of  42.18 
per  cent. 

To  one  trained  in  metallography  a  glance  is  sufficient  to 
determine  by  the  microscope  the  heat  treatment  to  which  a  gi\en 
piece  of  cast-steel  has  been  subjected.  The  size,  shape  and 
arrangement  of  its  crystals  and  microstructure  are  all  controlled 
in  a  finished  casting  by  heating  and  cooling  slowly  or  quickly. 


Fig.  4.  Specimen  of  properly  annealed  steel  before  and  after  testing. 


~.  .  .  .  r  m,,llies  0f  ,hc  metal  are  as  closely  allied  to  the 

The  physical  the  heat-treatment.  To  produce 

structure  as  the  .  u  necessary  to  know  what  thermal 

desirable  results  in  cast  s  ^  a|]  possMe  safegllards 

conditions  to  observ  knowledge  can  only  be  gained  by 

around  the  product.  JJ  comparative  study  of  microstructures 

as'^Hccted  "by 'heat  treatment,  together  with  the  known  chemical 

composition  of  (he  metallurgist  to  apply  to  industrial 

,  ,k  15  rlMuctions  gained  by  investigation  and  research  con- 
problems  laboratory.  The  laws  producing  certain  effects 

ducted  m  the  -ment>  then  with  the  needful  instruments 

the  practical  operation  of  annealing  castings  is  much  simplified, 
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and  all  notions  so  diversified  on  that  question  can  be  lifted  out 
of  guesswork  to  the  plane  of  definite  information.  With  a  pyrom¬ 
eter  of  reliable  accuracy,  and  the  microscopical  tests  to  verify 
the  temperature  compared  with  established  standards  prepared 
in  the  laboratory,  the  industrial  operation  of  annealing  becomes 
a  laboratory  practice. 

A  study  of  the  various  structures  with  known  thermal  con¬ 
ditions  impresses  one  with  their  striking  beauty  and  the  immense 
value  of  the  information  derived  therefrom.  With  a  known 
chemical  composition  and  a  known  history  of  heat  treatment, 
it  is  possible  to  predict  with  an  element  of  success  the  physical 
qualities  of  steel  castings  when  examined  with  a  microscope; 
hence  its  value  to  the  metallurgist  or  engineer  is  of  such  im¬ 
portance  that  it  becomes  indispensable. 
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The  Structure  of  Steel  Rails.  — The  accompanying  photo¬ 
micrographs  were  taken  at  the  works  of  the  Maryland  Steel  Co 
and  sent  to  us  bv  Mr.  S.  S.  Martin,  superintendent  of  the  steel 
department.  They  illustrate  in  a  striking  manner  the  influence  of 
the  sawing  operation  upon  the  structure  of  the  nieta  m  ,rnme 
diate  contact  with  the  saw. 


Fig.  2. 


Fig.  i- 

i 

,  .  structure  of  a  rail  in  the  center  of 
Fig.  1  shows  the  norn^  from  the  sawed  end.  This 

the  head,  and  a  c°"s^  ugual>  to  proper  lengths,  and  then  a  half 
rail  was  hot  sawe  the  hot  saweci  end  by  means  of  a  slow 

inch  section  was  cu  a  section  Was  obtained  which  had 

speed  cold  smo.  gide  and  coid  sawed  on  the  other.  Fig.  2 

been  hot  sawed °  of  the  metal  on  the  hot  sawed  side,  and 

exhibits  the  s  d  The  hot  sawed  has  a  much  finer  struc- 

**  t3h°an  £  normal  structure  of  the  rail  (Fig.  D,  while  the  cold 
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sawed  surface  is,  if  anything,  coarser.  Upon  removing  0.07  inch 
of  metal  from  both  sides  the  structures  shown  in  Figs.  4  and  5 
were  obtained,  which  do  not  differ  materially  from  the  normal 
structure  of  the  rail  (Fig.  1).  The  effect  of  the  temperature  at 
which  sawing  is  done  affects  only,  therefore,  the  structure  of  the 
metal  to  a  very  slight  depth. 

The  very  great  difference  between  the  structure  of  the  hot 
sawed  and  of  the  cold  sawed  sides  can  readily  be  accounted  for. 
Upon  leaving  the  finishing  rolls  the  temperature  of  the  rail  (at 
least  in  the  center  of  the  head)  was  still  well  above  the  critical 


Fig-  3- 


Fig.  4. 


point,  1.  e.,  the  rail  was  still  in  the  crystallizing  range  (which  ex¬ 
tends  from  the  point  of  solidification  to  the  thermal  critical  point). 
On  slow  cooling  the  metal  crystallized,  resulting  in  the  structure 
of  F,g-.  I.  The  hot  sawing  of  the  rail  means  that  the  metal  which 

::,ts:rr ,o  th,nsaw  is  not  au°w«i  <°  «*>i  .<..*^,1,% 

ZVI  Tr  V 'U  'T  the  par,icles  in  .notion,  the 

hot  it'ork  is  continued  until  a  tpmnoeet,  ,  ,  ,  ...  . 

•  of  t  •  1  .  temperature  below  the  critical  point 

is  reached  at  which  there  is  no  further  growth  of  crystal  The 
structure  of  the  hot  sawed  side  is  therefore  a  r  ,  3  *  *  , 

as  is  exhibited  in  Fig  2  It  is  .  ’  '  ?  n  fracture  such 

is  a  striking  illustration  of  the  bene- 
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ficial  effect  of  hot  work  upon 

of  low  finishing  temperatures.  P  the  head,  and 

ing  a  structure  like  that  of  Fig^,  m  the^  ^  duc„ 

throughout  the  entire  lengt  ,  follows  from  this 

tility  with  excellent  wearing  quality,  it 


Fig-  5- 

4-Vif>  structure,  that  when 
significant  effect  of  hot  £  be  talten  that  the  pof- 

studying  the  structure  of  ra  h,  £rom  the  hot  sawed  «de 

ished  sections  are  »«•«"£  «  w  otherwise  senously  m,s- 

, o  be  unaffected  by  the  actton  of  ^  £oarsely  crystalhne  rad 

leading  observations  .  ajned. 

might  be  made  to  appear  fine  g 

.a  Antimony  Alloys. -The  accom- 
Structure  of  C«PP« .  “Jen  by  Mr-  J-  E.  Stead  illustrates 
panying  f  ,ng  .  method  for  the  P^- 

forcibly  the  value  of  the  ^  mlcroscope.  The  memo 

tion  of  alloys  to  be  studm  ^  of  highest  specific  gravtty 
consists  of  «rst  in  a  molten  condition,  the  other 

and  then  !»«»*«£  me.als  will  alloy  in  such  a ** 0*ld 
lighter  metal.  T  <w  crvstals  of  a  pure  metal  at 

vScalcross-sec^n  wdUhm^co  ^  ^  end.  while  bettveen 

and  crystal  *  m  be  found  alloyed  in  all  proportions. 
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be  readily  seen  that  such  method  will  make  the  preparation  of 
a  number  of  alloys  containing  various  proportions  of  the  con¬ 
stituent  metals  unnecessary.  It  was  described  by  H.  Le  Chatelier 
( The  Metallographist,  Vol.  IV,  page  17),  but  has  also  been 
worked  independently  by  Mr.  Stead. 

In  the  accompanying  illustration  the  white  trains  of  crystals 


f  cjC  t0^  nl"!  antimony >  the  central  portion  the  eutectic  all 
tom  SbCu  SbCU2’  and  the  wedSe~sbaped  crystallites  at  the  be 


MetaU^ajhy  at  the  Westinghouse  Machine  Co. -The 

I  .."500  tle  °PP°s,te  page  show  the  verv  complete  metal- 
lographte  equipment  of  the  Westinghouse  Machine  Co.  of  Pitts- 

ItZfp  hent  Vi 

camera,  electric  ZTZ 


Metallographic  equipment  of  the  Westinghouse  Machine  Co.  —  Pittsburg,  Pa. 
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Manager  to  Messrs.  George  Cradock  &  Co.  and  communicated, 
in  conjunction  with  Mr.  Stead,  a  paper  on  steel  for  wire-making  to 
the  Iron  and  Steel  Institute  last  year.* 

Metallography  at  the  Technical  Schools.  —  Massachusetts 

Institute  of  Technology.  The  importance  of  metallography,  the 
microscopical  study  of  the  structure  of  metals,  is  being  more  and 
more  recognized.  Even  the  iron  foundries  are  now  using  this 
means  for  controlling  the  quality  of  their  materials,  in  order  to 
produce  even  and  reliable  results.  The  course  in  this  subject 
has  been  transferred  from  the  Chemical  to  the  Metallurgical 
Department,  where  it  naturally  belongs.  Lectures  and  labora¬ 
tory  work  in  this  line  have  been  added  to  the  curriculum  for  all 
regular  students  in  the  Course  in  Mining  Engineering  and 
Metallurgy,  and  advanced  work  is  provided  also  for  those  who 
elect  this  subject  for  a  thesis  or  wish  to  work  upon  it  with  the 
view  to  obtaining  an  advanced  degree.  This  work  is  under  the 
charge  of  Professors  Hofman  and  Fay.  —  Extract  from  the 
Annual  Report  of  the  President  and  Treasurer. 

Other  Scientific  Schools.  —  The  following  schools  have 
recently  added  to  their  laboratory  equipment  the  necessarv  appa¬ 
ratus  to  carry  on  metallographic  work.  McGill  University, 
Montreal,  Canada,  Michigan  College  of  Mines,  Houghton,  Mich., 
and  \\  orcester  Polytechnic  Institute,  Worcester,  Mass. 

Metallography  and  Industrial  Firms.  — The  following  firms 
and  individuals  have  since  the  first  of  the  year  installed  metal¬ 
lographic  outfits  in  their  laboratories  or  have  added  to  the  equip¬ 
ment  they  already  had :  National  Enameling  and  Stamping  Co., 
East  St.  Louis,  Ill. ;  Trenton  Iron  Co.,  Trenton,  N.  T. ;  Ajax  Metal 

Phll^delPhia ;  William  Cramp  &  Son,  Ship  and  Engine  Co., 
naiepua.  Pa.;  Cambria  Steel  Co.,  Johnstown,  Pa.;  National 
Tube  Co.,  McKeesport,  Pa.;  General  Electric  Co.,  Lynn,  Mass.; 
\\atertown  Arsenal,  Watertown,  Mass.;  Enrique  Touceda,  Al- 
f ' n'  .  ’  '  ’  Crucible  Steel  Co.  of  America ;  United  En- 

gineering  Foundry  Co.,  Pittsburg,  Pa.;  American  Steel  Foundry 
Co.,  Granite  City,  Ill. 


researches^are5' ‘bring^rriS  b"  **  'mj°rity  .of  cases  metallographic 

scholarship.  -  Ed.  d  by  1C  successful  candidates  for  this 
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Recent  Publications.  —  Metallurgical  Laboratory  Notes ,  by 
Henrv  M.  Howe.  In  our  January  issue  we  reviewed  Professor 
Howe's  book  entitled  “  Metallurgical  Laboratory  Notes, 
book  was  then  printed  and  practically  ready  for  the  bin^an 
we  expected  to  be  able  to  fill  orders  within  a  week  alter  the 
writing  of  our  notice.  At  the  last  moment,  however  the  aut  or 
decided  to  greatly  enlarge  the  book,  more  than  011  ing 
size  and  requested  us  to  delay  publication  accordingly.  The 
new  experiments  which  Professor  Howe  desired  to  describe  had 
aU  to  be  conducted  carefully  in  the  laboratories  of  Cdumb^ 
University  before  being  incorporated  in  the  ^  Thisjf 
course,  required  considerable  time  and  y  - 1 
delay  in  issuing  the  book.  We  now  expect  to  have  read) 

delivery  within  four  weeks  and  possi  >  ear 

Ail  the  orders  which  we  have  received  o  this  date  ^  ^ 

filled  at  the  price  advertised,  name  >  s  ^  ^  however, 

subscribers.  Owing  to  the  a*e  &  ‘  Ued  t  advance  the  price 

greatly  increasing  when  ordered  directly 

to  $2.50  per  copy,  or  $2.25  10 

from  the  publishers.  ("Yearbook  of  the 

Jahrbuch  fur  das  Bise"'"  '  SMl,i  w,d  Eiscn.  An 
Iron  Industry.)  S^P^U/epartments  of  the  Iron  Industry 
account  of  the  progress  Diisseldorf,  19°2- 

during  the  year  19°°-  y  ‘  tremely  interesting  and  valuable 
This  book  will  be  foun  d  German.  The  most  un¬ 
to  all  steel  metallurgists  able  ^  during  the  year  1900 

portant  developments  that  av  industry  are  concisely 

in  all  departments  of  the  >  The  book  is  div.ded 

described  and  numerous  re  Qeneral  Considerations,  l*e  s> 

into  fifteen  sections  as  fo  ^  Heat>  Refractory  Materials, 

Production  and  Measuren  Production  of  Pig  Iron* 

Slags,  Ores,  Iron  and  Steel  Plan  ^  ^  Working 

Foundries,  Pr«luct.on  of,  M  ^  an4  steel,  Test.ng,  Each 

f  urther' subdivided  as  required. 
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structed  in  the  usual  way  and  wooden  models  of  these  made  and  photographed  as  shown  in  the  illustration. 
All  the  points  marking  the  beginning  of  the  solidification  of  each  metal  or  alloy  were  then  united,  as 
well  as  the  horizontal  parts  of  the  models  which  correspond  to  the  solidification  of  the  eutectic. 
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Trt  thP  STUDY  OF  METALS,  WITH 
a  OUARTERLY  PUBLICATION  DEVOTED  TO  THE  SIC 

“special  reverence  to  their  physics  red  microstore. 

THEIR  INDUSTRIAL  TREATMENT  AND  APPLICATIONS. 


GEORGE  CHARPY 

C  EORGE  CHARPY  was  born  in  Lyons  £**»»£** 

M  From  .885  to  1887  he  connect  with 

of  Paris,  and  from  1887  to  1  9  anJ  chemistry.  During 

that  Institution  as  assistant  in  P  -  ,•  .  j  jn  collaboration 

these  years  devoted  to  teaching,  '  P  de  Qlimie,”  of  which 
with  Mr.  Gautier,  a  book  While  thus  engaged  Mr.  Charpy 

three  editions  have  been  is  nhvsical  chemistry,  and  in 

also  wrote  a  number  of  papers  ^  Researches  on  Saline  So- 
1892  he  presented  his  memoir  o  parig  for  which  he  was 

lutions,”  to  the  Faculty  of 

awarded  the  degree  of  oc  or  ^  chemist  of  the  Central 

In  1892,  Mr.  Charpy  soon  after  began  his  well- 

Laboratory  of  the  Nfv> . ’  * estigations.  He  published  a  very  un¬ 
known  metallographic  ^vestig  ^  for  which  he  received 

portant  paper  on  the  *r  nc0uragement  pour  l’Industrie  Na- 
a  prize  from  the  Societe  a 

tionale.  ,  £t  tiie  laboratory  of  the  Navy  to  be¬ 

ta  1898  Mr.  Charpy compagnie  des  forges  de  Chatillon 
come  Chief  Engineer  o  ^  at  MontlUqon,  a  position  which 

Commentry  et  Metallurgical  exhibit  at  the  Paris  Expo- 

he  still  holds.  ^  received  a  gold  medal.  The  readers  of  1 11s 
sition  of  19°°’  ne 
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journal  are  well  acquainted  with  his  contributions  to  metallog¬ 
raphy.  They  have  been  many  and  most  valuable.  Mr.  Charpy’s 
researches  testify  to  his  thorough  scientific  training  and  great 
experimental  skill ;  his  writings  are  characterized  by  extreme 
lucidity  and  a  constant  desire  to  extract  from  his  experiments 
deductions  of  industrial  value.  In  the  light  of  wrhat  he  has 
already  accomplished  at  so  early  a  period  of  his  life,  we  are 
justified  in  looking  to  him  for  many  additional  contributions  to 
the  advancement  of  metallurgy  and  metallography.  v 

His  most  important  papers  dealing  with  metallography  and 
related  subjects  are  given  below  in  chronological  order: 

Researches  on  Saline  Solution.  Thesis  presented  to  the  Faculty  of 
Science.  Paris,  1892. 

Note  on  the  Hardening  of  Steel.  Bulletin  de  la  Societe  d’ Encouragement 
pour  I’lndustrie  Nationale. 

Researches  on  Alloys  of  Copper  and  Zinc.  Societe  d’ Encouragement, 
1897. 

Microscopic  Study  of  Metallic  Alloys.  Societe  d’ Encouragement,  March, 
1897.  The  Metallographist,  Vol.  I  (1898). 

Study  of  White  Alloys  called  Antifriction.  Societe  d’Encouragement, 
June,  1898.  The  Metallographist,  Vol.  II  (1899). 

Study  of  the  Tenacity  of  Alloys  at  High  Temperatures.  Societe  d’En¬ 
couragement,  February,  1899. 

The  Equilibrium  of  Iron-Carbon  System  (with  L.  Grenet).  Societe  d’En¬ 
couragement,  March,  1902.  The  Metallographist,  Vol.  V  (1902). 

For  his  important  investigations  described  in  the  above 
papers  he  was  awarded  a  prize  by  the  Mechanical  Section  of  the 
Academie  des  Sciences  of  Paris. 


THE  INTERNAL  STRUCTURE  OF  IRON  AND  STEEL  WITH 
SPECIAL  REFERENCE  TO  DEFECTIVE  MATERIAL* 

By  S.  A.  HOUGHTON 

F  X  the  first  place  I  would  call  attention  to  the  title  of  this 
lecture  —  “  The  Internal  Structure  of  Iron  and  Steel.”  I  had 
at  tir.  t  intended  to  have  described  it  as  the  Microstructure  of 
ron  and  Steel  which  is  indeed  the  usual  method  of  describing 
ructure  o  the  metals,  owing  to  the  fact  that  a  microscope 
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is  generally  required.  It  occurred  to  me,  however,  that  some  of 
you  might  imagine  that  there  was  a  difference  between  the 
microstructure  and  the  ordinary  structure.  There  is  none 
there  is  only  one  structure  of  metals,  and  although  as  a  rule  it 
is  necessary  to  use  a  microscope  to  examine  it  properly  this  is 
not  invariably  the  case,  and  in  fact  I  shall  be  able  to  show  >ou 
a  photograph  of  some  iron,  the  general  structure  of  which  is 
quite  visible  to  the  naked  eye.  That  there  is  some  ground  that  a 
misapprehension  of  this  nature  may  occur  is,  I  think,  show  n  bv 
the  history  of  this  method  of  investigating  the  characteristics 
of  metals.  It  is  now  nearly  forty  years  since  it  was  originated ; 
the  exact  date  can  be  stated  with  certainty,  as,  unlike  mam  other 
discoveries,  there  is  no  doubt  as  to  whom  the  honor  is  due  tor 
first  using  this  method  of  examination.  The  first,  and  °^*  a 
long  time  the  only,  person  to  do  so  was  an  Englishman  -  r. 
Henrv  Clifton  So’rby,  of  Sheffield,  who  is,  I  believe,  still  a  ive. 
Dr.  Sorbv  is  a  man  of  science  and  has  made  several  discoveries 
and  inventions,  but  he  was  not  directly  connected  with  the  iron 
industrv;  indeed,  he  was  at  the  time  mentione  lmestiga  in>=> 
characteristics  of  igneous  rocks,  and  it  was  m  order  to  obtain 

information  respecting  certain  of  their  pecu  lanties  ia 

.  •  •  „  tHe  same  methods  as  in  petrology,  i.e.,  he 

to  examine  iron,  using  the  same  n  fre£  from  scratches, 

cut  and  polished  sections  so  as  to  b  q  .  .  define 

afterwards  etching  them  if  V  ^  ;  ^  had  the 

the  constituents  more  clear .  ^  (  .  although 

pleasure  of  seeing  some  of  Dr-  *  >  shortened  yet  in 

the  time  of  preparat.onhas  eciablv  advanced.)  The  same 
respect  to  finish  we  av  keynote  of  the  whole  science 

procedure  is  stdl  emp J  must  be  regarded  as  an 

igneous  rock,  and  to  get  a  complete  know- 

ledgevJeiit  although  Dr^Sorby  read  several  papers  about  1864, 
7*  U>  \ed  pqtle  attention  amongst  those  engaged  in  the  iron 
yet  they  ex  ^  reasQn  being  probably  that  the  practical 

and  stee  m  ;  ’considered  that  looking  at  metals  through  a 

m?n  °  1  ,iv  showed  a  microscopic  structure  as  different  to 

microscope^  °1gt'ructure>  and  that  it  was  too  ultra-scientific  to  be 

th;  °^C  ^se^they  had  heretofore  to  rely  entirely  on  their  chemists. 
X  anychemis.try  is  a  great  and  very  useful  science,  and  I  do  not 
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wish  to  say  anything  against  it,  but,  as  chemists  themselves  will 
tell  you,  the  characteristics  of  metallic  alloys  have  been  and  are 
quite  unexplainable  by  their  science.  Let  me  take  an  example: 
by  the  addition  of  very  small  quantities  of  bismuth  to  copper, 
that  metal,  usually  so  ductile,  becomes  quite  brittle,  and,  more¬ 
over,  the  electrical  conductivity  decreases.  Now  there  is  no  re¬ 
lation  between  the  rate  at  which  these  alterations  take  place  and 
the  atomic  weight  of  bismuth,  i.e.,  the  decadence  is  gradual  and 
not  in  steps.  The  reason  for  these  peculiarities  remained  a  mys¬ 
tery  until  the  alloys  were  examined  under  the  microscope  by 
Professor  Arnold,  of  Sheffield  University,  and  the  slides  now 
shown  are  copied  from  some  micrographs  published  by  him.  In 
slide  No.  ia  is  seen  a  section  of  pure  copper  which  consists  of  a 
number  of  homogeneous  crystals;  slide  No.  2a  is  that  of  copper 
containing  .5  per  cent  of  bismuth.  It  will  be  seen  that  the  crystals 
are  bordered  by  white  lines,  and  there  are  also  a  number  of  dark 
spots,  the  latter  containing  nearly  pure  bismuth.  The  nature  of 
the  boundaries  of  the  crystals  is  clearly  shown  in  the  next  slide 
(No.  3aL  from  which  it  will  be  observed  that  each  crystal  is 
bounded  by  a  band  of  what  is  apparently  an  allov  of  bismuth 
and  copper,  and  also  that  there  is  a  distinct  line  between  each 
■which  is,  according  to  Professor  Arnold,  a  line  of  cleavage.  It 
a*  once  be  seen  why  the  strength  of  the  metal  has  so  dimin¬ 
ished,  and  also  why  the  electrical  resistance  has  become  greater, 
the  current  now  having  an  increased  resistance  to  overcome  in 
passing  from  one  crystal  to  another.  You  will  see  from  this 
illustration  how  helpless  pure  chemistry  is  for  solving  many  of 
the  problems  which  confront  the  metal  worker.  Nevertheless  for 
about  twenty  years  after  Dr.  Sorby  began  his  work  it  was  practi- . 
cally  the  only  scientific  method  adopted,  and  even  to-day  there 
are  many  people  who  attach  more  importance  to  a  chemical 
anal\  sis  than  to  an  examination  of  the  actual  structure  of  a  metal. 
Before  leaving  this  question  I  desire  to  draw  your  attention  to 
a  very  important  weak  point  in  most  analyses,  i.e.,  they  give  the 
quantities  of  certain  elements,  but  take  no  notice  of  others  that 
may  be  present  in  even  large  quantities ;  in  fact,  the  chemist  is 

unable  as  a  rule  to  say  whether  an  element  is  present  unless  he 
specially  analyzes  for  it. 

-•  11  ll?  S°^e  re^ance  011  this  science  has  been  to  mate- 

1  ia  >  <  c  a\  t  te  progress  of  steel  manufacture,  and  has  been 
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Slide  No.  1  a.  —  Pure  Copper, 
8  diam. 


Slide  No.  2a.  —  Copper  containing 
.5  per  cent  bismuth,  8  diam. 


Slide  No.  3a. 
.5  per  cent 


_ Copper  containing 

bismuth,  48  diam. 


Slide  No.  4a.  — Pure  Swedish 
Iron. 


Slide  No.  5a.- Silicon  Steel, 
60  diam. 


Slide  No.  6a.  —  Silicon  Steel, 
60  diam. 
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indirectly  the  cause  of  much  wasted  material  and  mysterious 
failures.  When  these  latter  were  investigated  the  steel  maker 
would  triumphantly  produce  a  piece  of  paper  on  which  was 
written  that  there  was  so  much  carbon,  manganese,  phosphorus 
or  sulphur,  all  of  which  were  within  the  usually  accepted  limits, 
and,  although  perhaps  he  did  not  directly  say  so,  he  would  lead 
one  to  infer  that  the  cause  of  the  failure  must  therefore  be 
attributed  (to  use  the  words  of  the  old  charters)  “to  the  act 
of  God  or  the  Queen’s  enemies.”  This  of  course  was  not  very 
satisfactory ;  unfortunately  such  failures  still  occur,  and  although 
the  number  is  very  small  compared  with  the  amount  of  steel  made, 
yet  so  long  as  the  causes  cannot  be  ascertained  and  remedies 
suf?£ested  the  matter  is  to  my  mind  a  very  serious  one,  and  every 
possible  method  of  investigation  should  be  tried  to  clear  it  up. 

It  must  also  be  borne  in  mind  that,  as  Professor  Arnold  has 
stated,  we  have  got  to  face  the  fact  that  steel  which  has  stood 
the  ordinary  tests  satisfactorily  may  yet  fail  under  normal  treat¬ 
ment,  and  that  on  many  such  failures  chemical  analysis  throws 
no  light  whatever. 


As  previously  mentioned,  the  method  which  I  am  bringing 
to  \  our  notice  to-nigbt  is  that  which  shows  the  structure  of  the 
material,  and  I  think  you  will  all  agree  that  from  the  most 
casual  consideration  it  is  one  which  deserves  a  very  high  place 
in  any  investigation.  It  is  indeed  curious  to  think  that  people 
have  been  content  for  so  long  to  manufacture  and  use  in  such 
quantities  a  material  such  as  steel  of  whose  structure  they  were 
entirely  ignorant.  Indeed  even  quite  recently  I  read  a  statement 
that  owing  to  vibration  the  nature  of  an  iron  shaft  had  changed 
from  fibrous  to  crystalline!  While  on  this  point  it  is  necessary 
to  warn  those  who  are  beginning  the  study  of  the  metallurgy  of 
steel  against  accepting  many  of  the  statements  in  all  but  the 
most  recent  text-books  as  to  the  cause  of  the  effects  produced 
b>  the  different  elements  and  by  heat  treatment  on  iron  and 
steel.  In  point  of  fact  many  theories  previously  considered 
as  well  proved  have  been  swept  away  by  the  microscope,  and 
at  the  present  time  the  new  and  correct  ones  are  not  properly 
established  Many  of  the  leading  metallurgists  in  different  coun- 

TTe^ZllTZZn  r  7  °n  the  Subject’  and  I  think  that  in 
a  few  >ea  s  at  most  our  knowledge  of  the  more  common  con¬ 
ditions  will  be  fairly  complete. 
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Before  taking  any  example  of  defective  material  it  will  be 
«U  to  describe  the  ideal  structure  of  iron  and  stee  . 

No  4a  shows  that  of  pure  iron  or  ferrite,  as  it  is  called  wtoh 
consists  simplv  of  crystals  of  the  cubic  system,  i.e.,  each  cnsta 
Tmade  up  of  little' square  bricks,  which  all  face  in  the  same 
direction  in  each  individual  crystal,  but  are  different  y  i»in  e  , 
or  as  it  is  technically  called,  orientated,;,,  deferent  cryst^  • 
This  is  very  clearly  shown  in  the  next  sMes  (H-^ 
These  are  from  photographs  by  Mr.  btead, 
and  are  of  iron  containing  about  4  per  cent  o  sdicon^  The 

structure  is,  however,  precisely  the  same  as  clearlv  shown, 

the  silicon  enables  the  crystallization  to  )e  .  ultimate 

The  little  crystals  seen  must  not  be  ^tnls,  and  I  tok  it 
structure,  as  each  one  consists  o  s  investigating  we 

quite  probable  that  if  it  were  possible  to  g  cubic  in  form, 

might  find  that  the  ultimate  mo  ecu  es  t  Macfarlane 

which  result  would,  I  believe,  help  to  support 

Gray’s  theory  of  heat.  here  by  Mr.  Milton 

In  the  recent  excellen  but  that  the  crystals 

he  pointed  out  that  all  metaU  are  cry^  and  that  for 

were  generally  imperfec  ins  it  is  undoubtedly  true 

this  reason  some  people  call  g  in  ordinary  metal  are 

that  the  outlines  of  most  ^  ^  ^  but  j  think  we  should 

not  in  accordance  vuth  neoole  by  their  outward  appear- 

not  judge  of  them  any  more  ^  purely  crystal  as  a  diamond; 

ance.  Inwardly they  J  ^  P  ^  of  them  as  crystals 

for  this  reason  I  myself  p  ^  ^  first  thing  that  strikes 

We  will  now  pass  on^rveHoU's  ^  .g  why  small  additions 
us  in  considering  differences  in  its  strength  and  quali- 

of  carbon  make  such  gre  ^  structure  was  examined 

ties.  This  remained  a  -  which  time  it  was,  I  believe,  a 

under  the  microscope,  of  a  very  uniform  molecular 

popular  theory  that  the  latter  being  possibly  in  com¬ 

mixture  of  won  an  the’former.  Sir  Frederick  Abel,  the 
bination  with  some  isolated  a  carbide  of  iron,  but  I 

eminent  chemis  ,  iron  Anyhow  this  carbide  has,  as  it  has 

believe  only  from  1  S  important  and  in  fact  the  only 

turned  out,  proved  to  be^^.  ^  FejC>  that  is  to 

°"e  IhrwaToms  of  iron  to  one  of  carbon,  and  it  occurs  in  all 
say,  tnree 
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steel  in  ordinary  use.  It  is  extremely  hard  when  in  mass  — 
harder  in  fact  than  hardened  steel  —  and  is  now  known  in  metal¬ 
lurgy  by  the  name  of  cementite.  You  will  notice  that  the  carbon 
has,  as  it  were,  made  itself  more  powerful  and  larger  by  uniting 
with  three  parts  of  iron,  but  this  would  not  be  enough  to  give 
the  actual  strength  obtained  in  steel,  and  consequently  we  find 
it  in  mild  steel  in  small  patches  of  a  curious  mixture  of  cementite 
and  iron,  which  is  called  pearlite.  They  are  the  dark  areas  of 
the  photograph  now  shown  (No.  i),  and  you  will  see  that  by 
getting  between  the  iron  crystals  they  stiffen  the  whole  mass  up 
and  thus  produce  the  great  increase  of  strength  of  the  steel. 
I  should  perhaps  mention  that  the  pearlite  is  not  naturally  dark, 
and  is  only  made  so  by  the  action  of  the  agent  used  for  etching, 
the  object  aimed  at  being  to  differentiate  it  from  the  iron  crystals. 

The  section  from  which  this  photograph  was  made  was 
taken  from  a  boiler-shell  plate  which  failed  in  the  working,  but 
the  defective  part  is  not  shown  in  this  slide.  In  really  good 
material,  however,  the  pearlite  would  be  quite  evenly  distributed 
and  the  size  of  the  crystals  would  be  smaller.  This  plate  con¬ 
tained  about  .18  per  cent  of  carbon,  and  the  tensile  strength  was 
cJ)out  28  tons.  In  proportion  as  the  percentage  of  carbon  is 
increased  so  does  the  area  of  pearlite  until,  as  first  shown  by 
Arnold,  \\  hen  the  carbon  reaches  .89  per  cent  in  pure  carbon 
steel  or  about  .8  per  cent  in  ordinary  commercial  steel,  the  whole 
of  the  material  is  composed  of  pearlite. 

The  next  slide  (No.  7a)  is  taken  from  steel  of  this 
description,  which  may  be  called  true  steel,  and  shows  the 
pearlite  greatly  magnified  so  that  its  structure  may  be  distin¬ 
guished.  It  consists  of  plates  of  hard  cementite  (carbide  of 
iion  alternated  with  plates  of  iron;  and  when  viewed  in  the 
microscope  in  a  good  light  this  produces  an  appearance  like 
mother-of-pearl,  owing  to  defraction  of  light  by  the  thin  cementite 
j)  ates.  ie  name  pearlite  was  in  fact  given  owing  to  this  effect, 
which  was  first  discovered  by  Dr.  Sorby.  The  structure  now 
shown  is.  however,  seldom  found  in  practice  in  mild  steel  with 
the  exception  of  well-annealed  castings,  as  when  a  fair  amount 
of  manganese  ,s  present  the  pearlite  becomes  more  or  less  granu¬ 
lar.  the  hard  parts  then  being,  I  understand,  a  double  carbide  of 
non  and  manganese  corresponding  to  the  formula  (FeMn),C. 
This  explanation  will,  I  hope,  be  sufficient  to  show  how  it  is 
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Slide  No.  1.— Mild  Steel,  58  diam.,  HNO3. 


Slide  No.  7a. —  Pearlite,  1000  diam. 
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that  a  small  quantity  of  carbon  produces  such  a  marked  effect 
on  iron. 

There  is  another  important  modern  method  of  investigation, 
which  is  of  considerable  help  to  the  microscope,  especially  when 
considering  the  phenomena  arising  from  the  tempering  or  harden¬ 
ing  of  steel,  and  that  is  the  use  of  cooling  curves.  In  the  recent 
lectures  by  Mr.  Milton,  that  gentleman  explained  the  principle 


Slide  No.  8a.  —  Cooling  Curve  of  Pure  Iron. 


of  these  curves,  and  gave  some  examples  of  those  belonging  to 
certain  a  ovs.  It  will  therefore  only  be  necessary  for  me  to 
mention  that  in  the  diagram  No.  8a,  which  represents  the  cool- 
111,^  cmve  of  pure  iron,  horizontal  distances  represent  time  and 
wrtKa  ones  temperatures.  At  the  extreme  top  a  stop  has 
occurred  due  to  the  solidification  of  the  iron  itself,  and  you 
notice  t  lat  afterwards,  instead  of  the  curve  being  con- 
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.  there  are  two  distinct  breaks  in  it,  and  in  the  case  of 

’"id  st;el  there  would  be  a  third.  The  question  naturally  arises, 
^  "use  tor  these  breaks  or  arrest  £ 

technically  called?  and  I  regret  to  say  that,  with  the  e^  I 
of  the  lowest  (not  shown  on  this  diagram^  ^canno  ^ 

lowest  point  is  acknowledge  b  susceptible  to 

of  the  cementite,  and  at  the  seco  stops  has 

magnetism,  but  in  other  respects  the  me”mg  opposite 

been  and  is  the  subject  of  .hi  other 

schools  of  thought  —  one  called  tl  Floris 

the  ''carbonists.”  The  first  follow  the  lead^ 

Osmond,  a  French  engineer,  an  in  scientific  men.  The 

Austen,  chemist  to  the  “^r°Arnold,  of  Sheffield,  who 

leader  of  the  carbonists  is  same  town,  and  many 

is  supported  by  Mr.  Had  ie  ,  ^  twQ  theories  may  be  of 

others.  A  brief  enunciation  arrest  points 

interest.  The  allotropists  assert  tha  frim  Gne  allotropic 

in  this  diagram  are  due  to  iron  c ne  called.  Ar3  they  call  the 
state  to  another.  Above  tie  ^  ir0n,  and  below  that 

iron  Gamma  iron,  between  3  tPat  tjie  hardening  of  steel 

Alpha  iron.  Moreover,  they  *s  state  0f  Gamma  iron,  the 

is  due  to  the  retention  in  its  a  P^  in  doing  So.  If  this  is 

only  effect  of  the  carbon  )em  pOSSible  to  harden  absolutely 

so,  it  may  be  asked  wh>  1  1  the  changes  then  take  place 

pure  iron,  to  which  they  repl  ^  ^  ^  Qn  the  other  hand 
so  rapidly  that  one  cannot  s  M  that  the  hardening  of 

Professor  Arnold  and  the -arbon *  ^  j  wiU  b  fly 

steel  is  due  to  the  presence  sQme  mUd  tempered  steel  is 

describe  his  theory  later  01 

being  shown.  No.  9a)*  is  due  to  Sir  W.  Roberts- 

The  next  curve  the  Le  Chatelier  pyrometer  as  to 

Austen,  who  has  so  muCh  clearer  and  more  evident.  e 
make  the  arrest  pom  g  the  difference  between  the  rate  ot 

curve  in  fact  really  P  e  iron  and  a  cylinder  of  platinum, 

cooling  of  a  Piece  °  gtop  in  this  case  was  unknown  at  the  time, 
The  cause  of  dJe  PfoUl!d  to  be  due  to  the  wires  used  111  the 
but  has  since  >e  arrest  points  were  discovered  by  S  ir 

pyrometer.  lhe  __ _ _ _ _ 
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W.  Roberts- Austen  and  are  due  to  hydrogen  occluded  in  the 
metal.  This  may  appear  to  be  of  only  purely  scientific  interest 
to  many  of  you.  but  it  has  a  practical  bearing.  Many  years  ago 
Mr.  William  H.  Johnson  found  that  steel  wires  if  allowed  to 
remain  in  dilute  sulphuric  acid  became  brittle,  and  he  ascertained 
that  the  cause  of  this  was  the  occlusion  of  nascent  hydrogen  gas 
in  the  metal.  This  fact  is  of  some  interest  and  importance  in 
dealing  with  galvanized  steel,  which  is  usually  pickled  in  sul¬ 
phuric  acid :  fortunately,  however,  it  is  found  that  by  heating 
the  metal  to  between  ioo°  and  200°  C.  the  surplus  gas  is  driven 
out  and  the  material  regains  its  normal  quality.  These  pieces 
of  steel  wire,  for  which  I  am  indebted  to  Messrs.  Yarrow  &  Co., 
exemplify  this  peculiarity.  The  first  is  in  its  normal  condition 
and  can  be  readily  bent :  the  second  has  been  placed  in  a  solution 
of  i  part  of  acid  to  io  of  water  for  half  an  hour  and  is  quite 
brittle:  and  the  third  has  been  heated  to  about  ioo°  C.  in  a  bath 
and  has  regained  its  ductility.  Professor  Arnold  has  also  pointed 
out  that  the  h\  dro^en  arrest  points  occur  at  what  is  commonly 
called  black  heat  when  mild  steel  is  known  to  lose  a  certain 
amount  of  ductility. 

This  completes  what  I  may  call  the  first  and  introductory 
part  of  my  lecture :  the  second  part,  being  to  a  great  extent 
de\  oted  to  detects  in  material,  as  revealed  bv  the  microscope, 
will  I  hope  be  of  more  interest.  I  have  arranged  the  different 
samples  approximately  according  to  the  percentage  of  carbon 
contained  in  them,  and  accordingly  begin  with  wrought  iron. 

The  slide  (No.  2 >  now  shown  is  taken  from  the  lower  end 
of  a  w  rought  iron  combustion  chamber  girder  stay  which  broke 
after  being  overheated:  in  fact  the  chamber  top  came  down,  the 
cause  being  excessive  accumulation  of  scale.  From  a  cursory 
glance  at  the  structure,  one  might  be  led  to  think  that  the  mate¬ 
rial  was  defective  on  account  of  the  number  of  flaws  shown. 
This  is  not  the  case,  and  I  here  desire  to  emphatically  controvert 
an  impression  that  I  have  heard  expressed  to  the  effect  that 
metallographies  frequently  regard  material  as  defective  owing 
to  small  daws  appearing  big  when  highlv  magnified.  Ordinary 
slag  or  sulphur  flaws  are  as  a  rule  negligible  as  far  as  longi¬ 
tudinal  strength  ,s  concerned,  but  of  course  if  the  materials 
stressed  at  right  angles  to  their  direction  a  considerable  diminu¬ 
tion  of  strength  and  especially  of  elongation  occurs.  All  puddled 
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iron  contains  oxide  of  iron  and  slag  flaws  similar  to  those  now 
shown,  and  to  this  cause  the  strength  is  always  less  across  the 
grain  as  it  is  commonly  called.  You  will  observe,  however,  that 
this  is  a  somewhat  misleading  expression,  as  the  crystals  of  iron 
are  fairly  symmetrical  unless  the  material  is  rolled  at  a  very  low 
heat,  and  that  the  so-called  fibres  are  only  due  to  the  flaws. 
These  also  frequently  cause  the  iron  to  break  with  a  fibrous 
fracture,  but  you  must  not  on  that  account  assume  that  they  are 
a  good  feature.  The  fact  is  that,  as  previously  stated,  nearly  all 
iron  good  or  bad  contains  more  or  less  of  them,  but  in  good 
material  the  crvstals  of  iron  themselves  are  so  ductile  and  the 
coherence  between  them  is  so  good  that  they  stretch  and  elongate 
until  the  flaws  come  so  close  together  that  fracture  occurs.  With 
bad  material  on  the  other  hand  the  crystals  are  brittle  and  large , 
they  do  not  stretch  to  any  extent  and  fracture  occurs  through 
them  giving  a  crvstalline  appearance.  Perfectly  pure  iron  is  an 
extremely  difficult  substance  to  get  owing  to  the  high  tempera¬ 
ture  at  which  it  melts,  at  which  temperature  it  is  practical  1\ 
impossible  to  prevent  it  absorbing  impurities.  Some  that  has 
been  made,  however,  at  the  University  College,  Sheffield,  proved 
to  be  as  soft  and  ductile  as  copper,  and  when  broken  m  t  ie 
testing  machine  it  drew  down  to  a  pencil  point.  I  hope  t  lese 
remarks  are  sufficient  to  make  the  following  points  c  ear  to  >0 
• —  that  all  iron  is  crystalline ;  that  absolutely  pure  iron  is  sinn  a 
in  ductility  to  copper ;  that  commercial  wrought  iron  contains  * 
large  number  of  oxide  of  iron  and  slag  flaws,  which  when  t 
iron  itself  is  fairly  pure  cause  a  fibrous  fracture ;  when  impure 
(although  the  flaws  are  still  there)  the  fracture  passes  thiough 
the  crystals  and  the  metal  appears  crvsta  me.  .  • 

I  will  now  show  you  an  example  ot  a  v  y  P 
(No  U  This  is  from  a  stay  tube  of  a  new  boiler,  which  broke 

t  .  ry.  rt-vstals  are  abnormally  large  and 

under  the  hydraulic  test.  The  c  .  ,  ,  nr  them 

.  ■  '  ,  1  ^  a  ~,rp.  ofter  being  etched,  many  ot  tnem 

quite  visible  to  the  na  -  .  tjie  metal  whose  structure 

being  quite  •/„  ""Vhhout  the  microscope,  in  the 


I  mentioned  as  being  easily^  11  abnormal  crystals 

early  part  of  the  lecture  The  cause  ^  ^  ^ 

:  *  -  improper  t-,™ 

the  metal  -  brittle  and  the  fracture  was  of 

The  tubes  were  exceedingly  Dritue,  <u 

11  .  ...  'baracter  Mr.  Stead  has  shown,  as  was 

a  coarse  crystalline  character. 
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Slide  No.  2. —  Wrought  Iron  Stay, 
53  dram.,  IINO3. 


Slide  No.  3.  —  Phosphoretic  Iron 
Stay  Tube,  58  dram.,  HNO3. 


Slide  No.  4.  —  Mild  Steel  Boiler  Plate,  Slide  No.  5.  —  Mild  Steel  Boiler  Plate, 
near  outside,  58  diam.,  HNO3.  near  centre,  85  diam.,  IINO3. 


Slide  No.  6.  —  Mild  Steel  Boiler  Plate,  Slide  No.  7. _ Over-Annealed  Steel 

HNO8.  Bar,  diam.,  NH*NOs- 
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described  by  Mr.  Milton  in  his  lecture,  that  phosphorus  below 
1.7  per  cent  was  in  solution  in  the  crystals  of  iron  (when  carbon 
was  absent),  but  from  the  markings  seen  in  one  of  the  crystals 
it  would  seem  as  if  there  were  some  sort  of  a  eutectic  present  in 
this  metal  which  contains  small  quantities  of  carbon,  silicon  and 
manganese.  I  have  also  noticed  somewhat  similar  peculiar  mark¬ 
ings,  which  require  further  investigation,  in  several  specimens 
of  iron  containing  an  unusual  amount  of  phosphorus.  I  would 
now  specially  draw  your  attention  to  these  lines,  which  are  not 
scratches  but  are  called  slipbands,  and  are  produced  by  the 
straining  of  the  metal  when  cold ;  in  this  case  by  the  rolling  of 
the  tube  in  the  tube-plate.  You  will  remember  that  I  showed  >ou 
that  each  crvstal  of  iron  was  made  up  of  a  number  of  small  ones 
symmetrically  arranged.  Now  when  a  metal  is  strained  what 
occurs  is  this.  The  different  rows  of  tiny  crystals  begin  to  slide 
over  each  other,  and  this  is  how  what  is  called  the  flow  of  metals 
takes  place.  When  such  metal  is  polished  and  etched  the  acid 
eats  in  between  some  of  the  rows  and  produces  the  lines  you  see, 
and  you  will  notice  that  these  lines  are  always  parallel  in  each 
crvstal  but  are  at  different  angles  in  different  crystals.  Professor 
Ewing,  of  Cambridge,  was,  I  believe,  the  first  to  discover  these 
facts,  and  has  given  many  beautiful  examples  of  strained  metals. 
I  should,  however,  mention  that  as  a  rule  iron  and  mild  steel, 
possibly  owing  to  their  ductility,  are  not  favorable  subjects  or 


this  study.  .  ,  ^  , 

We  will  now  take  some  examples  of  mild  steel,  the  most 

important  material  with  which  we  have  to  do  This  photograph 
(No  4)  is  taken  near  the  surface  of  a  mild  steel  bo.ler  plate 
which  cracked  whilst  being  bent  in  the  rolls.  It  was  over  i#  in. 
thick,  and  the  test  results  gave  about  30  tons  with  over  20  per 
cent  elongation  in  to  in.  The  dark  part  of  the  photograph  ,s 
the  end  of  a  crack,  which  did  not  penetrate  further,  and  at  the 
top  mav  be  seen  the  effect  produced  by  hammering  the  surface 
of  the  plate  Owing  to  the  action  of  the  acid  and  the  compara¬ 
tively  low  magnification,  it  is  not  possible  to  see  any  slipbands 

•  With  regard  to  the  cause  of  failure  in  this  instance 

m  this  pait.  vviiii  &  .  . 

1  h< >pe  to  give  you  an  explanation  when  taking  a  subsequent  case, 
but  before  passing  on  I  want  you  to  particularly  notice  that  the 
material  is  not  very  homogeneous,  and  also  to  note  these  bands 
of  carbonless  iron.  With  respect  to  the  evil  effects  of  cold  ham- 
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mering,  it  does  not  require  any  special  know  ledge  to  see  that  the 
crystals  are  so  crushed  and  bruised  that  very  little  adhesion  can 
be  left ;  consequently,  if  the  plate  is  bent  so  that  these  parts  are 
on  the  convex  side  a  crack  is  started,  and  this  may  easily  spread 
through  the  whole  plate.  I  also  want  you  to  get  a  rough  idea 
•  of  the  proportion  of  pearlite,  i.e.,  of  the  carbon  to  the  iron,  in 
order  to  compare  it  with  that  shown  in  this  next  view  (No.  5), 
which  is  from  near  the  centre  of  the  same  plate,  where  there  is 
perhaps  four  or  five  times  as  much  carbon.  Now  this  is  a  very 
important  point,  as  it  shows  us  that  this  plate,  instead  of  being 
homogeneous  as  one  might  expect,  is  composed  of  steel  which  may 
only  have  a  strength  of  24  tons  per  square  inch  on  the  surface, 
and  perhaps  36  in  the  centre.  I  do  not  say  that  from  a  practical 
point  of  view  it  is  any  the  worse  for  this  peculiarity  —  indeed, 
it  may  be  more  ductile  —  but  it  is  just  as  well  to  know  the  facts, 
and  I  think  it  would  be  interesting  to  have  a  series  of  experi¬ 
ments  carried  out  with  metal  of  this  description  in  order  to 
definitely  ascertain  its  qualities  as  compared  with  homogeneous 
material.  The  reason  for  this  variation  is  doubtless  segregation 
of  the  carbon  towards  the  centre  of  the  ingot  from  which  the 
plate  was  rolled,  and  it  is  an  example  of  the  danger  of  relying 
on  a  chemical  analysis  without  examination  of  the  structure  of 
the  material.  The  metal  is  somewhat  lamellar  or  streaky  —  a 
point  of  considerable  importance,  and  respecting  which  a  very 
marked  example  is  given  in  the  next  slide. 

Slide  No.  6  is  also  from  a  boiler-shell  plate,  the  strength  of 
which  was  a  little  over  28  tons  and  the  elongation  good.  The 
structure  very  closely  resembles  that  of  a  brick  wall,  and  it  is 
\\  ithout  doubt  a  very  undesirable  one,  and  one  which  is  specially 
liable  to  produce  failure  under  vibration.  It  was  in  1899  that  I 
had  this  metal  under  examination,  and  in  1900  a  paper  was  read 
at  the  Institution  of  Naval  Architects  by  Signor  Schanzer,  of 
the  Term  Steel  Works,  Italy,  describing  a  similar  structure  in  a 
large  steel  shaft  which  fractured.  He  attributed,  and  I  think 
rits  t  y  -  the  failure  of  the  shaft  to  this  reason,  but  did  not  express 
an  opinion  as  to  the  cause  which  produced  the  structure,  though 
he  mentions  that  possibly  phosphorus,  which  was  somewhat  high 
in  this  case,  may  have  had  something  to  do  with  it.  (In  the 
boiler  plate  now  shown  the  phosphorus  was  about  .06  per  cent.) 

I  am  myself  inclined  to  think  that  the  cause  will  be  found  in  the 
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structure  of  the  ingot,  which  may  be  similar  to  that  of  a  coarse 
honeycomb,  the  cell  walls  being  chiefly  of  pearlite,  and  the  cells 
themselves  filled  with  iron  crystals.  I  will  show  you  later  a 
photograph  of  such  a  structure.  When  therefore  the  metal  is 
rolled  the  iron  crystals  are  flattened  out  into  the  layers  you  now 
see.  Another  explanation  of  this  form  of  structure,  which  ap¬ 
plies  in  certain  cases,  has  been  given  by  Professor  Arnold,  and 
is  as  follows.  If  a  piece  of  rolled  metal  be  strongly  annealed 
or  very  slowly  cooled,  as,  for  instance,  in  the  same  manner  as 
a  steel  casting,  the  pearlite  and  ferrite  will  arrange  themselves 
in  lavers  parallel  to  the  direction  of  rolling,  and  this  will  be  the 
case  even  if  previously  no  such  a  structure  existed.  Professor 
Arnold  attributes  this  to  a  crystalline  habit  impressed  on  the 
metal  by  the  work  done  on  it.  I  shall  now  show  you  an  example 
of  this/  This  slide  (No.  7)  represents  the  structure  of  a  medium 
steel  bar  1  in.  square,  which  a  steelmaker  had  kindly  annealed 
with  some  mild  steel  castings ;  the  duration  of  annealing  would 
therefore  be  about  three  days.  The  structure  is  of  a  very  lamellar 
character,  and  although  the  tensile  tests  gave  good  results,  yet 
such  material  would  be  very  unreliable  under  vibratory  stresses. 
In  the  absence  of  any  approved  mechanical  tests  for  finding  out 
the  inferiority  of  this  material  an  examination  of  the  structure 
under  the  microscope  appears  to  be  the  only  method  at  the  present 
time  for  detecting  it. 

The  next  slide  (No.  8)  is  also  from  a  mild  steel  plate  which 
failed  •  this  is  from  near  the  surface.  The  most  noticeable  fea¬ 
tures  are  the  broad  carbonless  bands,  which  are  also  spotted  with 
sulphur  and  other  flaws,  and  which  are,  in  my  opinion,  nearly 
as  deadly  in  their  effects  on  steel  as  the  spotted  band  described 
in  one  of  the  adventures  of  Sherlock  Holmes  was  to  human 

be'"T  will  now  deal  briefly  with  some  of  the  causes  which  result 
in  the  so-called  mysterious  failures  of  steel  plates.  In  the  first 
place  it  may  be  noted  that  such  plates  are  frequently  those  of 
large  size  and  great  thickness ;  this  results  in  comparatively  little 
work  being  done  on  them,  and  the  crystals  of  iron  are  independent 
of  each  other  instead  of  interlocking  as  they  do  in  steel  which 
has  been  well  worked.  The  same  cause  also  results  in  the  plate 
leaving  the  rolls  at  a  temperature  much  above  the  normal,  causing 
the  iron  crystals  to  be  of  excessive  size.  But  frequently  the  most 
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important  cause  is,  in  my  opinion,  the  following',  which  I  have 
long  suspected,  but  confirmatory  proofs  of  which  I  have  only 
lately  obtained;  as  far  as  I  know  it  is  quite  a  new  theory.  I 
attribute  many  of  these  failures  to  the  presence  of  carbonless 
bands  as  shown  in  this  photograph,  which  bands,  I  believe,  con¬ 
tain  a  relatively  large  proportion  of  phosphorus,  and  are  very 
much  inferior  in  ductility  to  the  remainder  of  the  metal.  They 
are  generally  near  the  surface,  and  when  one  actually  outcrops, 
what  is  called  a  surface  defect  is  frequently  produced.  Xow 
when  a  plate  is  bent  in  the  rolls  and  one  of  these  outcrops  is 
reached  the  inferior  metal  cracks,  and  a  crack  once  started  will, 
as  you  know,  go  to  a  considerable  depth.  At  the  same  time  if 
such  a  plate  is  broken  in  the  testing  machine  the  ductility  of  the 
remaining  metal  conceals  that  of  these  veins  of  bad  metal ;  simi¬ 
larly,  although  the  analysis  generally  shows  that  the  phosphorus 
is  fairly  high,  yet  it  does  not  indicate  that  a  good  deal  of  it  is 
concentrated  in  one  part.  I  do  not,  of  course,  pretend  that  all 
failures  of  plates  can  be  attributed  to  this  cause,  but  it  will,  I 
think,  be  sufficient  to  explain  a  good  many  cases  which  have 
seemed  mysterious. 

The  next  slide  (No.  9)  shows  the  metal  at  the  centre  of 
the  same  plate;  there  is  a  large  increase  in  the  amount  of  carbon 
and  the  structure  is  rather  lamellar.  I  will  now  show  you  some 
examples  of  the  effect  of  heat  treatment  on  steel,  which  of  course 
produces  a  considerable  difference  in  its  properties,  but  of  which 
a  chemical  analysis  will  give  hardly  any  information. 

This  slide  (No.  10)  is  taken  from  another  boiler  plate  which 
failed,  the  causes  being  carbonless  bands  (not  shown  in  this 
photograph  )  and  finishing  at  too  high  a  temperature,  which  has 
resulted  in  the  iron  crystals  being  abnormally  large.  In  the 
next  slide  (No.  11)  we  have  a  piece  of  the  same  material  which 
has  been  raised  to  a  full  red  heat  (above  the  upper  arrest  point) 
and  allowed  to  cool  quickly  in  the  air.  You  will  notice  the  enor¬ 
mous  difference  in  the  size  of  the  crystals  of  the  body,  but  in  the 
carbonless  bands  the  size  is  not  much  altered  owing  to  the  phos¬ 
phorus  present ;  it  would  therefore  appear  that  a  more  drastic 
annealing  was  necessary  in  order  to  remove  the  effects  of  the 
deleterious  parts.  W  ith  regard  to  the  size  of  the  crystals  shown 
I  do  not  wish  it  to  be  understood  that  those  of  a  boiler  plate  could 
be  made  so  small  in  practice,  because  it  would  not  be  possible 
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or  desirable  to  cool  it  quickly  enough,  but  there  is  little  doubt 
that  those  seen  in  the  preceding  photograph  could  have  been  re¬ 
duced  in  size  at  least  one  half  and  the  material  thereby  increased 
in  toughness.  You  will  notice  by  comparing  this  and  the  photo¬ 
graph  of  the  steel  bar  that  whilst  prolonged  annealing  is  injurious 
to  forged  steel,  raising  it  to  a  temperature  above  the  highest 
arrest  point  and  allowing  to  cool  in  air  is,  as  a  rule,  of  great 
value  in  making  it  fine  grained  and  thereby  improving  the  quali¬ 
ties  of  the  material. 

The  next  example  (No.  12)  is  a  piece  of  tjie  same  plate 
which  has  been  heated  above  the  lowest  arrest  point  and  quenched 
in  water.  This  naturally  brings  us  to  the  question  of  temper 
bends,  in  which  the  steel  is  generally  required  to  be  heated  to  a 
cherry  red  and  quenched  in  water.  Well,  cherry  red  is  a  some¬ 
what  vague  expression,  but  I  may  point  out  that  unless  the 
temperature  to  which  the  steel  is  raised  and  quenched  is  above 
that  of  the  lowest  arrest  point,  or  really  the  corresponding^  ac¬ 
celeration  point,  which  is  not  quite  identical  and  is  about  680  C. 
in  mild  steel,  practically  no  change  takes  place,  and  the  test  is 
no  more  trying  than  if  performed  with  the  steel  in  the  normal 
condition,  with  which,  indeed,  it  is  nearly  identical.  Now,  it  is 
somewhat  difficult  to  measure  temperatures  exactly  with  the  eye, 
but  the  temperature  just  mentioned  corresponds  with  what  careful 
observers  have  called  a  full  cherry  red.  To  produce  any  appre¬ 
ciable  effect,  therefore,  on  the  steel  it  is  necessary  to  make  sure 
that  this  temperature  is  exceeded.  I  do  not  think  that  this  is 

,  ,  •  enme  time  ae-o  I  received,  through  the 

always  the  case;  in  fact,  some  nine  ® 

courtesy  of  one  of  the  leading  steelmakers,  some  pieces  of  what 
he  called  typical  boiler  pl^te,  which  included  a  temper  bend 
made  at  his  works.  The  material  was  undoubtedly  yery  good 
but  there  was  absolutely  no  difference  between  the  tempered 

material  and  that  yo”  will  notice  the  pearlite 

has  somewhat  extended  and  assumed  a  ropy  appearance.  This 
is  caned  troostite  by  the  allotrop.sts  but  according  to  Professor 
Arnold  it  is  a  form  of  martensite.*  Now  this  is  usually  con- 

-  ]  "  Arnold  has  since  stated  that  he  calls  this  constituent 

*  Pr°  »SS°his  is,  however,  only  an  alteration  of  the  name,  the  theory 
“  hardenite  game’  with  regard  to  what  is  usually  called  martensite, 
remaining ^.g  &  structure  and  not  a  constituent. 
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sidered  to  be  the  constituent  of  hardened  steel,  and  as  we  do  not 
know  its  composition  at  present  I  do  not  propose  to  say  much 
on  the  different  theories  regarding  it.  I  desire,  however,  to  let 
you  know  what  is  Professor  Arnold's  theory  respecting  the  hard¬ 
ening  of  steel,  and  which  is,  to  a  certain  extent,  illustrated  by 
this  and  the  following  slides.  This  theory  is,  I  believe,  that  at 
the  lowest  arrest  point  the  compound  constituent  pearlite  changes 
into  martensite,  and  that  as  the  temperature  increases  this  spreads 
out  and  finally  permeates  the  whole  mass.  This  is  certainly  a 
simple  theory,  and  it  is  to  be  hoped,  if  only  for  that  reason,  that 
it  is  correct.  The  whole  matter  will,  however,  be  probably 
thrashed  out  at  the  forthcoming  meeting  of  the  Iron  and  Steel 
Institute. 

In  the  slide  now  shown  (No.  12)  it  is  evident  that  the  dark 
etching  constituent  is  extending,  and  in  the  next,  which  is  the 
same  steel  quenched  from  a  still  higher  temperature,  it  has  dif¬ 
fused  still  more.  ♦ 

This  slide  (No.  14),  which  is  at  the  same  magnification  as 
the  previous  ones,  represents  the  metal  at  one  end  of  a  compara¬ 
tively  new  thrust  shaft  which  failed.  You  will  notice  the  very 
coarse  structure  of  the  metal,  as  evidenced  by  the  size  of  the 
pearlite  areas,  but  owing  to  the  method  of  preparation  in  this 
case  the  iron  crystals  cannot  be  clearly  seen.  Nevertheless  the 
cause  of  failure  was  not  due  to  this  structure,  and,  in  fact,  a  test 
made  from  this  end  of  the  shaft  gave  31  tons’  tensile  strength 
with  good  elongation. 

The  next  photograph  (No.  15)  is  taken  near  the  point  of 
fracture  of  the  same  shaft,  and  has  a  completely  different  ap¬ 
pearance.  The  general  structure  is  so  coarse  that  it  is  only  partly 
represented  in  the  photograph,  and  it  really  consists  of  large 
cells  of  iron  crystals  surrounded  by  meshes  of  mild  steel,  and 
is  the  same  in  any  plane  of  section.  I  may  mention  that  the 
crossed  structure  shown  is  a  characteristic  of  unannealed  cast 
steel  as  distinguished  from  annealed  metal.  From  an  exami¬ 
nation  of  this  steel  I  have  no  hesitation  in  saying  that  this  shaft 
was  a  casting  and  was  not  forged  at  all;  in  fact,  only  one  end 
of  it  w  as  annealed,  and  the  cause  of  its  fracture  must  be  ascribed 
to  these  features. 

The  next  slide  (No.  16)  represents  a  brittle  mild  steel  cast¬ 
ing,  and  is  taken  from  the  end  of  a  tensile  test  piece.  The  struc- 
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Slide  No  8.  —  Mild  Steel  Boiler  Plate, 
near  outside,  58  diam.,  HNO3. 


Slide  No.  9.  —  Mild  Steel  Boiler  Plate, 
near  centre,  58  diam.,  HNO3. 


Slide  No.  10.  —  Mild  Steel  Boiler  Plate, 
normal,  53  diam.,  NII4NO3. 


Slide  No.  11.  —  Mild  Steel  Boiler  Plate, 
annealed,  33  diam.,  NH4NO3. 


Mo  12  —  Mild  Steel  Boiler  Plate, 
"pe’red,  53  diam.,  NH4NO3. 


Slide  No.  15.  —  Mild  Steel  Boiler  Plate, 
tempered,  53  diam.,  NH4NO3. 
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Slide  No.  14.  —  Mild  Steel  Thrust  Shaft 
Flange,  53  diam.,  NH4NO8. 


Slide  No.  15.  — Mild  Steel  Thrust  Shaft, 
at  fracture,  58  diam.,  NH4NO8. 


Slide  No.  16. —  Brittle  Mild  Steel 
Casting,  53  diam.,  NII4NO3. 


Slide  No.  17.  —  Brittle  Mild  Steel 
Casting,  59  diam.,  NH4NO3. 


Slide  No.  18.  —  Well  Annealed  Mild 
Steel  Casting,  58  diam.,  HNOs. 


Slide  No.  19.  —  Nickel  Steel, 
53  diam.,  NH4NOa- 
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ture  shown  is  not  unusual  in  imperfectly  annealed  castings,  and, 
generally  speaking,  consists  of  cell  walls  of  iron,  which  enclose 
a  mixture  of  pearlite  and  iron  crystals.  The  cause  of  brittleness 
in  this  case  is  due  to  the  flaws  of  sulphide  of  manganese,  which 
you  see  in  the  middle  of  the  cell  walls.  1  his  was  first  pointed 
out  by  Professor  Arnold,  and  although  the  flaws  in  this  case  are 
not  continuous  they  probably  were  before  annealing.  It  should, 
however,  be  pointed  out  that  defects  of  this  nature  generally 
only  occur  in  small  castings,  the  big  ones,  such  as  the  shaft  jmt 
considered,  generally  containing  sufficient  heat  to  overcome  this 
source  of  weakness. 

The  photograph  now  shown  (No.  17)  is  from  the  same  piece 
of  steel  but  is  taken  onlyr  about  l/%  in.  from  the  fractured  end. 
You  will  see  that  the  metal  has  begun  to  part  and  that  the  frac¬ 
ture  passes  along  the  cell  walls,  showing  the  weakening  etteet 
of  the  flaws  previously'  mentioned.  This  steel  ga\e  only  9  Per 

cent  elongation.  ,  ,  A  T  . 

From  some  different  samples  of  mild  cast  steel  that  I  have 

examined  it  would  seem  that  insufficient  anneahn&  is  ta  . 
being  infrequent,  and  the  only  perfect  structure  ia'e  \ 
regret  to  sav,  from  steel  made  by  a  fore.gn  firm.  However  the 

,b  .'  •  npxt  elide  (No.  18)  is  from  steel  by  a 

structure  shown  in  the  next t  si  (  ^  t  dQ  not  wish 

British  maker,  and  is  ver\  fe°°  c  ,  , 

to  infer  that  British  makers  cannot  make  as  go 

than  anyone  else;  only,  in  some  cases,  sufficient  care  has  not 

aken  with  respect  to  the  annealing.  I  am  now  going  to  show  you 
taken  w  ltn  1  .  me{jium  carbon  steels  that, 

photographs  of  two  >f  the  «T>  They  are  by  two 

I  think  I  may  say,  ordered  bv  a  celebrated  firm 

Sheffield  firms  and  «h  tWs  neighborhood.  ! 

of  torpedo  boat  bull  .  ^  ^  ^  bes(  nicke,  steel  o£  about 

forty"  tom  ’  strength  regardless  of  price,  which,  I  am  told,  was  a 

very  stiff  one  '"de^presents  the  nickel  steel  supplied  by  one  firm, 

,  r  .,„  only  regarded  the  proportion  of  pearlite  the  metal 
an<  '!  0  ,ar  to  possess  such  great  strength.  The  action  of 

wollJd  "  th’[  structure  of  steel  has  not  been  very  fully  investi- 
nicke  £ar  as  I  know,  it  reduces  the  size  of  the  crystals 


^atfd  lakes  them  pointed  and  interlocking. 
aiK  The  next  photograph  (No.  20)  represents  the  steel  supplied 
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Slide  No.  20. —  Medium  Steel, 
NH4NO3. 


Slide  No.  21. —  Metal  found  inside  a 
.  Forging,  24  diam.,  NH4NO3. 


Slide  No.  22.  —  Metal  found  inside  a 
Forging,  236  diam.,  NH4NO3. 


Slide  No.  23.  —  Blister  Steel, 
58  diam.,  HNO3. 


Slide  No.  24.  —  High  Carbon  Steel, 
236  diam.,  HNO3. 


Slide  No.  25.  —  Malleable  Cast  Iron, 
236  diam.,  HNO3. 
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Slide  No.  26.  — Cast  Iron, 
58  diam.,  IINOs- 


tide  No.  27.-Phosphoretic  Cast  Iron, 
75  diam.  Heat  tinted. 


Slide  No.  *8.-Phosphoretic  Cast 
Iron,  236  diam.,  HN  a- 


ide  No.  30. -Phosphorus  Eutectic, 

385  diam.,  HNOj. 


Slide  No.  29.  — Phosphorus  Eutectic, 

SU  •  |iam.  Heat  tinted. 


188 


Slide  No.  ib.  —  Cleveland  Pig  Iron, 
58  diam.  Heat  tinted. 
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would  be  quite  rotten,  but  being  at  different  angles  any  pulling 
stress  placed  on  the  metal  has  a  certain  amount  of  solid  iron  to 
break.  Graphite  can,  however,  resist  a  very  great  compressive 
stress,  and  it  is  to  this  cause  that  cast  iron  is  so  strong  to  resist 
compression  as  compared  with  tension.  Round  the  graphite  plates 
we  find  crystals  of  iron,  and  beyond  them  is  pearlite,  whilst  after 
that  we  have  what  is  called  a  phosphorus  eutectic.  I  will  describe 
the  nature  of  this  substance  when  dealing  with  the  next  metal, 
but  before  doing  so  I  would  call  your  attention  to  the  manner  in 
which  this  structure  illustrates  what  happens  when  molten  cast 
iron  cools.  In  the  first  place  the  graphite  separates  out,  then 
come  the  iron  crystals,  which  group  themselves  round  the  graph¬ 
ite  plates,  and  after  that  the  combined  carbon,  at  first  in  the 
form  of  martensite,  which  afterwards  changes  to  the  pearlite 
shown.  Finally  at  about  900°  C.,  the  phosphorus  eutectic  solidi¬ 
fies,  but  this  has  by  that  time  been  forced  by  the  other  constituents 
to  take  up  the  vacant  spaces  left,  and  we  therefore  find  it,  as  a 
rule,  furthest  from  the  graphite  plates. 

In  the  metal  now  shown  (Slide  No.  27),  also  cast  iron,  there 
are  only  three  constituents  —  graphite,  iron  and  phosphorus 
eutectic.  The  absence  of  pearlite  is  due  to  the  fact  that  there  is 
a  large  amount  of  silicon  present  which  has  the  power  of  keeping 
the  carbon  in  the  graphitic  state,  and  the  metal  is,  of  course, 
much  softer  to  file  or  turn.  The  silicon  appears  to  be  dissolved 
in  the  iron,  and  does  not,  unless  in  great  quantities,  make  any 
marked  difference  in  the  structure.  In  the  slides,  however, 
shown  at  the  beginning  of  the  lecture,  where  there  was  4  per 
cent  silicon,  the  crystals  of  iron  seemed  to  resist  the  action  of 
the  acid  better,  and  there  is  no  doubt  that  a  fairly  large  pro¬ 
portion  of  silicon  makes  the  iron  crystals  more  brittle.  Now  with 
regard  to  the  phosphorus  eutectic.  In  the  first  place,  I  should  say 
that  the  word  eutectic  is  applied  to  those  structural  constituents 
which  solidify  last;  they  must  also,  not  be  in  proportions  for 
chemical  combination,  and  generally  speaking,  they  consist  of 
two  constituents  which  may  themselves  be  of  compound  character. 
These,  as  a  rule,  arrange  themselves  in  parallel  lines  or  dots. 
Thus  pearlite  is  the  eutectic  of  steel,  and,  as  before  mentioned, 
it  consists  in  its  simplest  form  of  thin  parallel  plates  of  cementite 
separated  by  similar  plates  of  iron.  In  the  iron  now  shown  the 
phosphorus  amounted  to  1.4  per  cent,  and  as  this  eutectic  happens 
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to  be  of  a  brittle  character  the  iron  was  rendered  very  weak  in 
consequence.  I  would  here  address  a  word  of  warning  against 
judging  cast  iron  by  its  fracture.  Apart  from  other  character¬ 
istics,  it  is  practically  impossible  to  tell  by  this  means  whether 
the  phosphorus  it  contains  is  in  dangerous  proportions  or  not. 
As  a  matter  of  fact,  the  iron  now  being  dealt  with  had  a  most 
clean,  close-grained  and  sound  appearance  at  the  fracture ;  yet 
it  was  most  inferior  as  regards  strength  on  account  of  the  phos¬ 
phorus  and  silicon  it  contained.  Now  phosphorus  has  several 
advantages  from  a  founder’s  point  of  view  —  for  instance,  it 
increases  the  fluidity  of  the  metal  and  assists  to  make  sound 
castings.  It  is,  therefore,  an  element  that  requires  to  be  carefully 
watched  for  and  kept  within  reasonable  quantities,  say  .3  per 
cent,  in  castings  exposed  to  steam  pressure,  and  particularly 
where  any  shocks  due  to  water-hammer,  etc.,  may  occur. 

Slide  No.  28  shows  an  enlarged  view  of  some  of  the  same 
metal ;  the  continuous  line  of  eutectic  can  be  seen,  but  the  most 
striking  feature  is  this  diamond-shaped  crystal  in  the  corner. 
This  is,  I  believe,  according  to  Mr.  Stead,  who  has  written  the 
standard  work  on  this  subject,  &  rhombic  crystal  of  phosphide 
of  iron  (Fe3P).  This  is  very  rare  in  ordinary  iron  and  may  be 
regarded  as  a  curiosity. 

Slide  No.  29  is  a  more  highly  magnified  photograph  of  the 
phosphorus  eutectic.  In  this  case  the  metal  has  not  been  treated 
with  acid.  Some  graphite  plates  are  to  be  seen. 

Another  photograph  (No.  30)  of  the  same  subject,  but 
treated  with  nitric  acid,  has  revealed  the  outlines  of  the  crystals 
of  iron ;  at  the  same  time  it  has  more  clearly  marked  the  eutectic 
itself.  The  structure  of  this,  which  is  of  a  characteristic  nature, 
is  verv  similar  to  that  of  the  backbone  on  an  animal,  and  con¬ 
sidering  how  necessary  phosphorus  and  iron  are  to  our  bodies, 
it  has  been  suggested  to  me  that  there  may  be  some  connection 
between  the  two. 

It  should  be  mentioned  that  the  normal  composition  of  the 
eutectic  is,  according  to  Stead,  about  10  per  cent  of  phosphorus 
and  90  per  cent  iron,  and  it  solidifies  at  about  900°  C. 

Slide  No.  ib,  for  which  I  am  indebted  to  Mr.  Milton,  repre¬ 
sents  some  Cleveland  pig  iron  and  is  of  similar  structure  to  that 
just  dealt  with,  but  contains  rather  more  phosphorus,  viz.,  1.6 
per  cent.  The  metal  consists  of  graphite  plates  and  globules, 
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iron  containing  silicon,  etc.,  in  solution,  and  the  phosphorus 
eutectic. 

Slide  No.  31  is  a  photograph  of  Carron  pig  iron,  which  has 
the  same  constituents  as  the  last  example,  but  the  phosphorus 
is  only  about  1  per  cent.  The  most  striking  feature  is  the  size 
of  the  graphite  plates  which  are  plainly  visible  to  the  naked  eye 
and  which  caused  the  metal  to  break  with  a  coarse  crystalline 
fracture.  This  is,  however,  merely  because  the  iron  has  been 
very  slowly  cooled,  and  the  metal  itself  is  of  better  quality  than 
the  Cleveland  iron,  which,  it  may  be  remarked,  broke  with  a  fine 
gray  fracture.  It  should  also  be  noticed  in  this  case  that  the 


graphite  plates  are  very  straight,  which  is  another  source  of 
weakness.  The  phosphide  areas  are  small  and  disconnected  and 
although  the  proportion  is  higher  than  is  desirable,  still  it  would 
not  probably  greatly  alter  the  tensile  strength,  though  if  sub¬ 
jected  to  shock,  the  effect  might  be  serious. 

Slide  No.  32  represents  pig  iron  used  in  the  basic  process 
and  contains  about  y/2  per  cent  of  phosphorus,  whilst  all  the 
carbon  is  in  the  combined  form  as  cementite,  there  being  no 
graphite  present.  The  brilliant  white  parts  are  plates  of  cemen- 
t.te,  the  dark  parts  pearlite,  and  the  half-tone  areas  a  sort  of 
compoun  eutectic  of  pearlite  and  phosphorus,  the  nature  of  which 

of  I>  y  Wn-  11  Wi"  be  noticed  that  there  are  rows 
I  am  b  Lr7giaCu°SS  “le  Photograph  at  different  angles. 

and  wha  we  u  thCSe  "*  the  b°rclers  of  larSe  crystals, 

1  •  Sef  1S  rea  y  a  secondary  or  sub-structure  The 

used  for  'add0ing\arbonefndmaneahlCh’  “  5’OU  k'’°W’  'S  “  al'°y 
-ains  5  per  cenf  of  Lin  t™”  *”"*“■***•  * 
broad  bands  are  probablv  the  „  1  \  ^  f  man£anese-  The 

manganese  that  forms  the  cementite  '  Carbide  °f  ir°n  ^ 
mild  steel.  The  dotted  part  is  n  b  the  PearIlte  of  ordinary 

Slide  No.  34  represents  ^he  T**  °f  S°me  descriPtio”* 
alloy  used  for  adding  silicon  to  1°f.Slllco  sPieSe1’  an 

cent  of  silicon.  The  markino-  e”  Stee  ’  !t  contains  n  per 

character  to  that  of  phosphorus  TnU^r  ^  SimiIaf 

there  is  much  more  difficulty  in  b  1  St  lr°nS  shown>  thouSh 
This  is  the  last  slide  I  have  to^how.  ‘  I 


am  afraid  the  par- 
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ticulars  I  have  given  are  of  a  rather  cursory  and  super  ficial 
nature,  but  I  trust  they  have  been  sufficient  to  let  you  see  the 
advantages  of  examining  the  structure  of  metals  instead  of  re¬ 
iving  solely  on  analysis.  Very  much  remains  to  be  done,  and 
we  are  still  only  on  the  threshold  of  the  temple  of  knowledge 
as  far  as  metals  are  concerned. 


Slide  No.  31.  —  Carron  Pig  Iron, 
53  diam.  Heat  tinted. 


—  Silicospiegel, 

Slide  No.  33-  liNOi. 

53  diam.,  HJN'-m- 


Slide  No.  3?--B^cnPig  Ir°n’ 


Slide  No.  34.  —  Silicospiegel, 
31  diam.,  HNC>3« 


.  before  remarked,  there  is  every  probability 
However,  a.  w;n  result  in  real  progress  being  made, 

that  the  next  fet .  tQ  retract,  as  has  been  the  case  with  so 

which  theories  propounded  before  the  structure  of  metals  was 

revealed  by  the  microscope. 
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UPON  THE  STRUCTURE  OF  METALS  AND 
BINARY  ALLOYS* 


By  WILLIAM  CAMPBELL 

IN  the  following  paper  the  author  has  tried  to  illustrate  the 
constitution  of  binary  alloys  by  a  few  notes  upon  the 
structure  of  metals  and  alloys.  1  he  methods  of  obtaining  a 
knowledge  of  the  structure  of  metals  and  alloys  are  first  dis¬ 
cussed,  then  the  crystalline  structure  of  metals,  the  effects  of 
strain  and  the  effect  of  heat  treatment  are  illustrated.  Finally, 
the  various  groups  of  binary  alloys  are  set  forth  and  the  con¬ 
stitution  of  several  examples,  representative  of  the  various 
groups  as  far  as  possible,  is  shown  by  contrasting  or  rather  by 
drawing  a  parallel  between  their  cooling  curves  and  microstruc¬ 
ture.  The  whole  of  the  original  work  of  the  paper  was  carried 
out  at  the  Royal  School  of  Mines,  London,  and  in  the  Metallur¬ 
gical  Department  of  Columbia  University. 

The  magnification  and  illumination  of  the  various  photo¬ 
graphs  of  the  structure  of  metals  and  alloys  are  represented  by 
the  symbol  in  the  lower  right-hand  corner,  thus :  x  33.  v.  means 
multiplied  thirty-three  diameters  and  vertically  illuminated;  or 
x  16.  o.  means  multiplied  sixteen  diameters  and  obliquely  illu¬ 
minated. 

Practical  Metallography 


Practical  metallography  may  be  divided  into  several  dis¬ 
tinct  parts: 

( 1 )  Preparation  of  alloys  or  metal  to  be  examined. 

(2)  Preparation  of  surface. 

Cutting  and  polishing. 

(3)  Etching  the  prepared  surface:  development  of  struc¬ 
ture. 

(4)  Microscopical  examination. 

Mounting  the  specimen. 

Microscope  and  accessories. 

(5)  Microphotography. 


of  the  Franklin  Institute,  July,  August  and  September. 
1901  is  artitle  and  illustrations  are  reproduced  here  through  the 

>v  of  tm*  K ran Hin  Tr»c+i+,,*^  0 


courtesy  of  the  Franklin  Institute. 
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It  would  be  out  of  place  to  do  more  than  glance  at  one  or 
two  of  the  main  points  in  preparing  and  examining  sections, 
because  the  subject  has  been  carefully  treated  by  Stead,  Le  Cha- 
telier,  Sauveur  and  many  others.  One  of  the  most  important 
points  is  the  preparation  of  the  alloy  or  metal,  because  its  final 
structure  will  in  almost  every  case  depend  upon  its  rate  of  cool¬ 
ing,  the  uniformity  of  cooling,  prevention  of  oxidation,  etc.,  and, 
in  the  case  of  an  alloy,  upon  the  thorough  mixing  of  its  con¬ 
stituent  metals  when  liquid.  As  a  general  rule,  the  slower  the 
cooling  the  larger  the  structure.  In  many  metals  and  alloys, 
this  holds  good  not  only  during  solidification,  but  also  after¬ 
wards,  because  profound  changes  often  take  place  long  after 
solidification.  As  examples,  one  immediately  thinks  of  iron  and 
its  allovs,  of  the  bronzes  and  of  the  brasses.  As  an  example  of 
the  necessity  for  guarding  against  oxidation,  we  need  only  con¬ 
sider  copper  and  the  rapidity  with  which  its  oxide  diffuses 

^  There  are  several  devices  to  insure  slow  and  uniform  cool¬ 
ing  Where  a  gas  furnace  is  used,  automatic  cut-o  ts  gi\e  goo 
results  Heycock  and  Neville*  have  invented 
o-ive  anv  desired  rate  of  cooling.  It  consists  of  a  tube  some  5 
^  .  1  ~  1  /  centimeters  wide,  and  contains  an  inner 

centimeters  long  by  2/2  wound  round  the  outside 

tube  made  of  many  layers  e  tQ  ive  it  rigidity.  With 

of  a  cylinder  °«  c°aJse  ,r°"  “U1imeters  wide,  running  from 

the  exception  of  a  "  ^  ^  Qf  ^  inner  tube  is  coated 

top  to  bottom  of  •  The  silk  tnbe  is  open  at  its  lower 

with  a  very  viscous  whilst  its  upper  end  is  cemented 

end,  whichdipsu  ^  the  gas  supply  from  a  regulator 

to  a  glass  tube  con  ^  a  constant  pressure.  The  outer  tube 
which  supplies  tne  g  ^ase  through  which  mercury  is  admitted, 
has  an  opening  at  1  s  through  which  the  gas  passes  to 

and  an  exit  pipe  "ea  from  the  regulator  enters  the  inner 

the  furnace,  i m  >  es  through  that  part  of  it  which  is  not 

tube  at  the  top,  am  1^  ^  outer  tube  and  thence  to  the  furnace, 
covered  by  shellac  the  QUter  tube,  the  gas  is  slowly  cut 

If  mercury  is  ,  of  mercury  is  obtained  from  a  cylinder 

off.  A  uniform  W  ^  This  head  of  water  is  increased 

above  which  is^ _ 

*  Trans.  Chan.  Soc.,  1898.  No.  73.  P-  7H- 
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at  a  uniform  rate  by  means  of  a  constant  level  water  clropper 
whose  supply  can  be  increased  or  decreased  at  will.  Thus,  as 
the  head  of  water  slowly  and  uniformly  increases,  the  pressure 
on  the  surface  of  the  mercury  increases,  causing  it  to  flow  into 
the  cut-off  tube  and  rise  inside  and  out  of  the  silk,  tube,  and 
hence  to  gradually  cut  off  the  escape  of  gas  through  the  unvar¬ 
nished  portion.  In  the  case  of  alloys  melting  at  high  tempera¬ 
tures,  we  can  allow  sufficient  gas  to  pass  direct  to  the  furnace 
by  the  aid  of  a  by-pass,  to  keep  it  at  the  lowest  temperature  re¬ 
quired,  the  cut-off  thus  becoming  more  efficient.  Where  ordi¬ 
nary  coke  fires  are  used  a  simple  method  can  be  employed  which 
gives  very  good  results.  The  alloy  is  made  in  a  small  crucible, 
and  when  well  molten  and  thoroughly  mixed  the  whole  is  placed 
in  a  hot,  larger  crucible  in  place  in  a  bright  fire.  The  outer 
crucible  is  filled  with  charcoal  and  charcoal  powder,  to  pre¬ 
vent  oxidation,  and  the  lid  put  on ;  a  few  pieces  of  hot  coke  are 
placed  on  top  and  then  the  fireplace  is  filled  up  with  hot  ashes ; 
all  dampers  are  closed  to  shut  off  as  much  draught  as  possible, 
and  the  whole  is  allowed  to  cool  slowly.  In  this  way  the  size 
of  the  structure  of  the  alloy  can  be  increased  from  ten  to  twenty 
times. 

Oxidation  can  usually  be  prevented  by  having  a  good  sup- 
pi}  of  charcoal  on  top  of  the  alloy.  In  the  case  of  many  alloys 
v  hose  melting-points  are  comparatively  low,  such  as  the  tin  anti- 
ni(  >n\  sei  ies,  potassium  cyanide  is  an  excellent  material  to  use. 
In  the  ordinary  way,  where  very  slow  cooling  is  not  necessary, 
some  potassium  cyanide  is  melted  in  a  plumbago  crucible.  The 
two  metals  are  then  added,  and  when  fluid  the  crucible  is  shaken, 
taken  out  of  the  furnace  and  allowed  to  cool  slowly  in  the  open 

air.  \\  hen  cool,  the  cyanide  is  washed  awav  and  the  alloy  taken 
out. 

It  is  always  necessary  to  thoroughly  mix  the  constituents  of 
an  alloy,  but  in  many  cases  solution  and  diffusion  help  materially 
to  form  the  alloy.  For  example,  to  prepare  the  eutectic  allov  of 
the  copper-tin  series  (i  per  cent  Cu,  99  per  cent  Sn)  the  tin  is 
first  melted  and  the  copper  added  in  the  form  of  foil.  Although 
the  temperature  may  only  be  between  350°  and  400°  C„  the  tin 
'rapidly  dissolves  the  copper,  which  diffuses  uniformly  through¬ 
out  the  whole  mass.  In  most  cases.,  if  the  whole  contents  of  the 
uuutc  e  lquu ,  a  good  shake  of  the  crucible  produces  a  uni- 
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form  alloy.  In  some  cases,  however,  as  for  instance  the  alu¬ 
minium-bronzes,  shaking  or  even  stirring  does  not  always  pro¬ 
duce  a  uniform  alloy.  It  is  then  best  to  cast  the  alloy  and  break 
it  up  into  small  fragments  or  to  granulate  it  and  remelt  till  the 

desired  result  is  obtained. 

Having  obtained  our  metal  or  alloy,  the  next  process  is  to 
obtain  a  suitable  piece  to  polish.  A  convenient  size  is  one  from 
V2  inch  to  1  inch  in  diameter  and  about  l/s,  inch  thick.  In  the 
case  of  very  hard  and  brittle  metals  or  alloys,  a  fragment  is 
broken  off  of  convenient  size  and  a  face  can  be  groum. 
down  on  an  emerv  wheel.  When  we  are  dealing  \\  it  1  meta  s 
which  can  be  cut'  with  a  saw  and  filed,  a  small  plate  can  be 
prepared.  In  the  case  6f  bars,  rods  or  rails,  much  time  is 
saved  by  using  a  mechanical  saw  such  as  is  manu  ac  , 
by  the  Millers  Falls  Manufacturing  Company,  Mass, 
material  of  a  comparatively  small  size,  an  mencan 
saw  and  a  vise  are  all  that  is  necessary.  It  is  rahy 
advisable  to  cut  a  vertical  section,  because  in  some  cases 
structure  is  not  the  same  at  the  top  an  ot  om.  ^  an(j 

dally  the  case  with  alloys  whose  constituen  s,  -  & 

ground-mass,  differ  greatly  m  density;  or  ex  ^  uisite 

of  tin  and  antimony.  using  a  second  cut 

size,  it  is  now  filed  comparat  performed  by  hold- 

and  then  a  dead  smooth  fi  e.^Th  ^  ^  Jnch  and  by  drawing 

ing  the  file  so  that  th  g  rface>  When  the  section  con- 

the  section  downwards  over  1  ^  ^  Qr  tin>  care  must  be 

sists  of  some  soft  or  ticles  0f  metal  will  cling  to 

taken  to  keep  the  file  c  .  f  of  the  section.  This  tear- 
the  file  and  tend  to  tear  ^  ^  crvstauization,  and  unless  the 
ing  effect  tends  to  p  removed  during  polishing,  we  ob- 

metal  thus  modified  simiiar  to  that  produced  by  rolling 

tam,  on  etching,  a  be  referred  t0  later,  when 

or  hammering.'  Tins  P° 

change  in  the  **<1  **  “"cimen  comparatively  smooth,  it  is  next 
Having  filed  ofPgra(le  o  till  all  traces  of  file 

rubbed  over  «™^y  P  P  ,t  ,s  rubbed  over  paper  or  cloth  of 

marks  are  obliterated.  _ _ _ _ 

bell-  a  Note  on  Crystallization  Produced  in  Solid  Metal  by 
Pressu ^e^Physical  Soc.,  London,  June,  1900. 
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grade  00  till  the  scratches  of  the  previous  paper  have  disappeared. 
In  some  cases  it  is  better  to  grind  on  a  flat,  fine  turkey-stone, 
using  either  water  or  oil. 

The  next  part  of  the  process  consists  of  rubbing  the  specimen 
over  sheets  of  French  emery  paper,  starting  with  No.  o  through 
00,  000  to  0000,  always  stopping  as  soon  as  the  scratches  of  the 
last  paper  have  been  removed,  and  using  as  little  pressure  as 
possible,  especially  in  the  case  of  soft  metals  or  alloys.  The 
emery  paper  may  be  attached  to  a  board  of  suitable  size  or  may 
be  fixed  to  a  disc  which  can  be  revolved  by  a  machine.  These 
papers  must  be  kept  absolutely  free  from  grit  or  the  specimen 
will  be  spoilt.  The  last  two  grades  may  be  moistened  with  oil. 

On  leaving  the  last  emery  paper,  the  specimen  is  polished  on 
broadcloth  or  chamois  leather  covered  with  a  little  well-washed 
rouge  and  well  moistened  with  water.  Some  workers  use  an 
intermediate  stage,  with  diamontine  powder.  This  also  has  to 
be  washed  before  using.  The  operation  is  finished  when  the 
last  traces  of  the  emery  scratches  have  been  removed.  This  final 
polishing  must  not  be  carried  too  far  or  the  specimen  begins  to 
polish  in  relief  and  an  uneven  surface  is  produced.  A  rouge- 
wheel  saves  a  great  deal  of  time  in  this  operation. 

Several  polishing  machines  have  been  used  to  save  time. 
T  rofessor  Martens  has  designed  one  to  polish  a  number  of 
specimens  at  the  same  time.  It  consists  of  a  block  to  carry  the 
sections,  which  are  pressed  on  the  grinding  and  polishing  discs 
of  a  power-driven  revolving  wheel.  At  the  Royal  Mint,  Lon¬ 
don,  I  rofessor  Sir  W  m.  Roberts-Austen  uses  a  series  of  ver¬ 
tical  circulai  blocks,  covered  by  emery  papers  of  varying  grades, 
and  driven  by  a  motor.  To  polish  the  specimen,  he  uses  a  hori¬ 
zontal  louge-wheel,  power-driven  and  cased  in  with  glass  to  keep 
it  perfectly  free  from  grits.  Stead  has  designed  a  small,  simple 
and  very  efficient  machine  which  can  be  driven  by  hand  or 
pou  er.  It  consists  of  a  horizontal  revolving  wheel ;  conical 
blocks  with  rings  for  securing  the  emery  paper,  cloth  or  chamois 
leather  in  position;  these  blocks  are  simply  dropped  into  the  re¬ 
cessed  wheel  and  are  carried  round  by  friction.  Above  is  a  can 
to  hold  either  water  or  the  solution  to  be  used ;  a  tap  allows  the 
water  to  drop  at  a  uniform  rate  upon  the  center  of  the  polish¬ 
ing  block  A  shield  is  used  for  catching  any  fluid  thrown  from 
the  wheel  when  in  motion. 
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Sauveur  has  recently  devised  a  machine  by  which  polishing 
is  simplified  and  the  time  occupied  in  the  operation  greatly 
shortened.  The  machine  carries  four  discs  revolving  in  a  vertical 
plane  and  covered  with  suitable  cloths.  The  four  polishing  sur¬ 
faces  are  fed  automatically  from  above,  and  shields  are  provided 
to  catch  any  fluid  thrown  off  from  the  discs  when  in  revolution. 
He  claims  that  if  the  samples  (of  iron)  be  delivered  to  the 
operator  after  filing  them  with  a  smooth  file,  fifteen  and  pro¬ 


bably  more  can  be  prepared  in  an  hour. 

The  success  in  polishing  depends  to  a  great  extent  upon  the 
polishing  powders.  For  ordinary  work  it  is  found  sufficient  to 
use  jewelers’  rouge  which  has  been  carefully  washed  free  rom 
all  large  particles.  We  can  go  further,  however,  in  the  prep¬ 
aration  of  polishing  powders  and  also  of  emery  powcers, 
obtain  an  absolutely  accurate  classification  with  r^£ar(  |(  s 
As  Le  Chatelier  points  out  in  his  “  Notes  on  the  Tecinoogy  o 
Microscopic  Metallography,  ’  this  can  be  per  ormu  - 
washing  method  used  by  Schlcesing  for  the  analysts  of  taohns^ 
The  carbonate  of  lime  present  in  tap  water  causes  the  fomatwn 
of  lumps  of  coarse  and  fine  matci  tal  m  <  e  Pro“  ass;fjed  with 

Mr.  Schlcesing  therefore  treats  which  dissolves 

water  containing  some  0.1  P  which  mav  be  present,  de- 

the  carbonate  of  lime  and  '  d  ted  When 

rived  either  from  the  wa^e  off  and  is  re. 

the  mixture  has  settled  mixtUre  is  well  stirred  and  al- 

placecl  by  distilled  water.  .g  repeated  tin  all  acid  has  been 

lowed  to  settle  once  more.  ^  a  consider^biy  longer  time, 
removed,  when  the  S  help  the  suspension  of  the 

A  little  ammonia  is  now  a-  ^  ^  Qff  at  different  intervals 

finest  particles.  Lrmine  a  hook  at  its  extremity  to  pre- 

by  means  of  a  syp  ™ ’  haye  settled  from  being  disturbed.  The 
vent  the  portions  {{iteen  minutes,  leaving  all  the  coarse 

different  iirterva  s  *  Ushing;  Gne  hour,  leaving  a  powder 
grains  unsuitab  e  four  hours,  when  a  powder  suitable 

suitable  to  start  p  such  as  iron,  is  obtained ;  twenty- 

for  polishing  iar  da  ^  when  the  finest  polishing  powders 
four  hours  an  s  ^  deposit  may  be  precipitated  in  a  few  hours 
are  obtained.  _ _ _ _ _ 


*  The  Metallographist,  January.  1901- 
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by  adding  a  little  acetic  acid.  In  conducting  these  operations 
absolute  cleanliness  is  necessary.  The  best  way  to  keep  the 
powders  is  to  mix  them  with  soap  so  as  to  form  a  paste.  Pow¬ 
dered  castile  soap  is  added  to  the  powders  whilst  still  wet,  in  the 
proportion  of  one  part  of  dry  soap  to  ten  parts  of  wet  powder. 
The  mixture  is  melted  in  a  water-bath,  well  stirred  and  allowed 
to  cool.  Stirring  is  kept  up  till  the  mass  commences  to  thicken, 
when  it  is  poured  into  tin  tubes  like  oil-paints,  or  into  paper 
ones  like  grease-paints. 

Le  Chatelier  considers  the  following  to  be  the  best  powders 
to  use  (given  in  their  order  of  excellence)  :  Alumina  derived 
from  the  calcination  of  ammoniacal  alum,  commercial  flour- 
emery,  oxide  of  chromium  derived  from  the  combustion  of  bi¬ 
chromate  of  ammonium,  and  oxide  of  iron  derived  from  the  cal¬ 
cination  in  air  of  iron  oxalate. 


Development  of  Structure 

The  methods  used  for  the  development  of  the  structure  are 
numeious.  Etching  is  the  one  in  most  general  use.  It  may  be 
performed  with  acids,  concentrated  or  dilute,  with  alkalies  or 
other  reagents  which  attack  the  specimen.  In  many  cases  an 
electric  current  has  been  used  with  great  success.  We  can  also 
use  a  combined  polishing  and  etching  method,  polishing  in  relief 
or  heat-tinting.  The  method  used  depends  entirely  upon  the 
specimen  whose  structure  we  wish  to  develop.  When  we  wish 
to  follow  the  changes  produced  by  a  certain  mechanical  or 
thermal  treatment,  we  must  use  a  constant  method  for  develop¬ 
ing  the  structure;  but  when  we  are  studying  alloys,  various 
reagents  should  be  used  for  etching ;  polishing  in  relief  and  heat 
treatment  should  be  employed  and  the  results  compared,  and  in 

th!s  7ay  the  nature  of  the  various  constituents  can  be  ascer- 
tamed. 

Tor  carburized  irons  tile  combined  etching  and  polishing 
method  o  Osmond  gives  very  beautiful  results.  It  consists  of 
nibbing  he  polished  section  upon  a  piece  of  parchment  mois- 

ZL7'  \  ,0f  Hc0rice  root'  together  with  a  little 

preupnated  calcium  sulphate.  I„stead  of  these  two  reagents,  a 
-  ie  cent  solution  ot  ammonium  nitrate  may  be  used  The 

results  are  practically  the  same.  *  D 
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Le  Chatelier  recommends  the  use  of  commercial  tincture  of 
iodine  diluted  with  four  times  its  volume  of  alcohol.  The  solu- 
”n  is  rubbed  over  the  polished  specimen  with  the  finger -ftps 
several  times  until  a  gray  film  appears.  Care  must  e  a  en 

nnt  to  etch  the  specimen  too  deeply. 

Stead  describes  a  tincture  of  iodine  and  iodide  of  potassmm 
(,.25  grains  of  each  in  100  cubic  centimeters  a  cohol)  wh.ch  he 
uses  He  places  the  specimen  on  a  plate  and  a  ows  one  rop 
the^incture  per  square  centimeter.  It  is  left  there  unt.Hhe  tod.n 
color  has  disappeared.  Wash  ,n  water  then  n  a^0,  °  '  >u  | 
means  of  hot-air  blast.  If  the  etchmg  has  not  gone 

tHe  CtonsXfshow  no  free  ferrite  a 

nitric  acid  in  of 

is  dipped  mto  the  so  uuon  and  the =  £  ^  fcr  enough  the 

a  strong  lens.  When  t  S  ^  -n  alcohol  and 

specimen  IS  placed  und  h  i  ^  used  in  the  case  o£  ferrite, 

afterwards  dried.  I  ‘  wiU  be  seen  to  have  a  granular 

under  high  powers  tl  low-power  work,  how- 

appearance,  due  to  over-etching,  kor 

ever,  it  answers  well.  .  structure  of  steels  under  low 

For  rapidly  deve  oping  aci(j  .g  recommended  by 

powers,  a  20  per  cent  ^u  10^.  ^  ^  ^  copper  tins>  the 
Osmond.  For  al  oy  ^  of  nitric  acid  (1  per  cent) 

bearing  metals,  etc.,  for  alloys  which  contain  much 

will  be  found  to  wr  .g  comparatively  lightly  attacked, 

sucheL°the  gun  metals,  aluminium  bronzes,  etc.,  a  more  or  less 

strong  solution  must  be  use  .  and  MartenSj  gives  very 

Heat-tinting,  1  £  depend  upon  the  formation  of 

beautiful  color  effe  ,  ^  at  different  rates  for  different 

films  of  oxides.  and  Neviiie  have  used  it  with  great  suc- 

constituents.  e>  t^e  effects  of  quenching  alloys  of  cop- 

cess,  as  their  P^P  ^  Stead  has  designed  a  small  electrical 
per  and  tm  c  e  >  which  can  be  performed  by  this  means 
device  fur  hc^  the  microscope  itself.  He  has  obtained  some 

upon  the  st  t,  ,n  the  case  of  the  alloys  of  iron  and  phos- 

W,°"*  *U  Heat-tinting  does  not,  as  a  rule,  show  up  the  granular 
Iron  and  Steel  lnsMute,  tgoo.  No.  II.  The  Metallographut, 
Vol.  IV  (190O.  P-  338. 
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structure,  especially  that  due  to  differences  of  orientation;  but 
it  is  the  very  best  means  for  showing  the  different  constituents. 
As  it  does  not  remove  any  metal,  the  surface  always  remains  flat, 
and  the  specimen  is  less  liable  to  rust  than  in  the  case  of  acids 
and  other  reagents. 

To  preserve  specimens  from  oxidation,  etc.,  the  simplest  way 
is  to  cover  the  surface  with  a  film  of  oil.  This  has  the  disad¬ 
vantage,  however,  that  the  specimen  must  be  cleaned  each  time 
before  examination.  Le  Chatelier  recommends  that  they  should 
be  varnished  with  “  Zapon,”  a  solution  of  gun  cotton  in  amyl 
acetate.  It  is  transparent  and  the  specimens  can  be  examined 
under  the  highest  powers. 

If  we  are  studying  a  series  of  alloys  it  is  often  necessary  to 
prepare  a  large  number  for  fear  of  overlooking  some  slight 
but  important  change.  A  preliminary  examination  embracing  the 
whole  series  can  be  made  upon  one  alloy,  as  pointed  out  by  Le 
Chatelier.  His  results  were  obtained  by  superposing  the  two 
metals  so  that  they  mix  only  in  the  vicinity  of  their  contact. 
A  vertical  section  can  be  taken  through  the  whole  mass  and  the 
metals  examined  alloyed  in  all  proportions  from  one  pure  metal 
to  the  other.  This  superposition  is  very  difficult  to  obtain  and 
often  takes  quite  a  while  to  perform  successfully;  in  fact,  in 
some  cases,  for  example  where  a  combination  occurs  heavier 
than  the  heaviest  metal,  it  is  impossible  to  get  correct  results. 

In  the  case  of  the  brasses  and  the  bronzes  it  yields  excellent 
results. 

When  dealing  with  soft  metals  and  alloys  it  is  extremely  dif¬ 
ficult  to  obtain  a  good  surface  for  microscopical  examination, 
because  in  the  process  of  polishing,  the  whole  of  the  metal  or 
alloy  is  not  removed;  part  of  it  spreads  as  a  thin  film  over  the 
surface  of  the  specimen  and  hides  the  structure  beneath.  In  the 
case  of  slowly  cooled  specimens  I  believe  Le  Chatelier  has  tried 
to  obtain  a  good  surface  by  inserting  a  vertical  strip  of  glass 

reaching  almost  to  the  bottom  of  the  crucible,  thus  dividing  the 
whole  into  two  parts. 

In  the  case  of  cast  metals  and  alloys.  Ewing  and  Rosen- 
ham*  have  obtamed  some  excellent  results  by  casting  upon  plates 


*  Royal  Society  Proc.,  1899,  p.  85. 
(1900),  p.  94. 
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of  glass  or  of  highly  polished  steel.  They  found,  however,  that 
the  glass  was  very  liable  to  break.  If  this  happens  before  the 
specimen  is  solid,  or  rather  whilst  there  remains  any  liquid  in 
contact  with  the  glass,  we  find  part  of  it  running  through  the 
cracks  produced  in  the  glass,  thus  spoiling  the  surface. 

Mr.  H.  J.  Hannover*  has  overcome  this  difficulty  by  casting 
upon  mica.  He  cuts  a  funnel  out  of  a  piece  of  charcoal,  places 
it  on  top  of  a  fresh  surface  of  mica,  and  then  pours  in  his  alloy. 
As  this  does  not  always  give  good  results,  he  casts  a  small  mass 
of  the  alloy  upon  the  mica.  The  alloy  thus  obtained  he  places 
upon  another  sheet  of  mica  and  covers  with  some  potassium 
cyanide.  He  then  heats  it  by  means  of  a  blowpipe,  and  when  the 
melting  point  is  reached,  places  upon  it  another  sheet  of  mica, 
previously  heated,  which  he  presses  down  till  the  alloy  is  solid 
In  this  way  he  obtains  a  very  smooth  surface  on  the  upper  par 
of  the  alloy.  I  have  seen  this  method  of  casting  upon  mica  m 
use  at  the  Royal  Mint,  London,  where  Roberts-Aus  eii 

tained  some  very  beautiful  results.  .  r»r>«ih1e  to 

When  casting  small  ingots  of  an  alloy  it  is  often  possible  to 

obtain  a  dean  surface  by  skimnting  the  metal  as  .t  leaves  the 

crucible  with  a  stick  of  charCO*1’b^‘“™^ed' many  beautiful  and 
On  solidification,  if  tins  sur  ^  and  these  are  0ften  an 

characteristic  structures  will  « 

indication  of  the  internal  structure  of  the  alloy. 


Microscopic  Examination 

nonv  naoers  and  books  upon  the  microscope 
There  are  so '  "cessan'  here  to  describe  those  parts  which 

that  it  will  on  >  to  micro-metallography. 

are  more  or  less  p  revolve  so  that  differ- 

In  th£  "Siotcant  It  is  also  very  advantageous 

ences  m  onentat  ^  be  sQ  adjusted  that  the  axis  of  the 

to  have  a  staSe  ^  to  the  surface  to  be  examined.  This  can 
microscope  *  of  three  leveling  screws.  Some  specimen 

hollerfanswer  this  purpose. 


*  R  lletin  de  la  Socilll  d' Encouragement,  August,  1900.  The  Metal- 
logrophist,  Vol.  IV  (.90.),  P- 
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The  next  matter  of  importance  is  illumination,  which  is  ob¬ 
tained  by  means  of  reflectors.  For  low-power  work,  using"  a 
1 -inch  objective,  the  Sorby-Beck  illuminator  or  reflector  is  the 
best  (Fig.  2,  a).  It  fits  upon  the  objective.  With  it  oblique  and 
vertical  illumination  are  obtained.  To  obtain  oblique  illumina¬ 
tion  the  small  mirror,  with  its  face  at  45 0  from  the  vertical,  is 
turned  out  of  the  way.  Then  the  horizontal  rays  of  light  are 
reflected  at  all  angles  except  vertical  upon  the  surface  beneath 
(provided  it  is  flat  and  the  axis  of  the  microscope  is  normal 
to  it),  and  this  surface  appears  dark.  Irregularities  in  the  sur¬ 
face  will  stand  out  sharply.  For  vertical  illumination  the  small 
Sorby  mirror  is  turned  into  place,  and  rays  of  horizontal  light 
falling  upon  this  mirror  are  reflected  vertically  upon  the  sur¬ 
face  of  the  specimen  and  thence  vertically  up  the  tube  of  the 
microscope.  Horizontal  surfaces  will  therefore  appear  bright 
and  irregularities  will  be  dark.  V ertical  illumination  for  low 
powers  can  be  simply  obtained  by  a  device  invented,  I  believe, 
by  Stead.  A  small  cover-glass  is  fixed  on  a  glass  slide  at  45 0 
by  wax  or  cement,  and  a  piece  of  black  cardboard  or  smoked 
glass  fixed  behind  it  in  the  vertical.  Horizontal  rays  are  re¬ 
flected  just  as  in  the  case  of  the  Sorby  illuminator ;  but  as  they 
can  pass  through  the  cover-glass,  this  method  is  rather  better  for 
powers  below  1  inch,  for  the  Sorby  mirror,  being  attached  to  the 
objective,  is  comparatively  far  from  the  specimen. 

For  high-power  work,  using  higher  powers  than  1  inch,  the 
Beck  illuminator  answers  very  well.  In  Fig.  2  the  short  cylinder 
contains  a  small  disc  of  glass ;  light  enters  through  the  circular 
opening  at  the  side.  The  illuminator  is  fixed  between  the  ob¬ 
jective  and  the  tube  of  the  microscope.  The  disc  of  glass  is  set 
at  an  angle  of  45  °,  and  so  light  is  reflected  down  the  tube, 
through  the  objective  and  onto  the  specimen.  This  gives  vertical 
illumination,  of  course.  When  working  with  several  powers,  a 
mu  tiple  nose-piece  or  a  Zeiss  objective  slide  saves  much  time. 

For  high  powers  prism  illuminators  are  also  used ;  these  fit 
between  the  objective  and  the  microscope  tube  and  work  like 

*  Qe<*‘  tft®ad  recommends  that  made  by  Nachet.  He  uses 
he  Sorby-Beck  with  a  i-inch  objective,  a' Nachet  prism  with 

the  4  or  y&  inch,  and  the  Beck  with  the  %  inch  or  yi6  inch 
oil  immersion.  x  ' 16 

l  or  illumination,  an  incandescent  Welsbach  light  answers 
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well  for  low  powers,  and  for  high  powers  an  arc  lamp  gives  the 
best  results.  Bull’s-eye  condensers  are  generally  necessary  for 
all  work.  A  small  acetylene  lamp  has  found  favor  with  many 
workers. 

For  photographing  the  object,  two  methods  can  be  used.  In 
the  first  case  the  camera  and  microscope  are  vertical,  whereas 
in  the  second  they  are  horizontal.  They  both  have  their  ad¬ 
vantages.  When  vertical,  it  is  comparatively  an  easy  matter  to 
place  your  object;  when  horizontal,  it  has  to  be  firmly  fixed.  But 
with  the  vertical  method  the  bellows  of  the  camera  must  be  re¬ 
stricted  as  to  length  unless  you  wish  to  use  a  step-ladder,  or 
have  your  dark  slide-holder  and  focussing  glass  in  the  room 
above ;  whereas,  in  the  horizontal  method,  the  bellows  can  be  of 
great  length  and  the  magnification  proportionately  increased. 

It  is  really  a  matter  of  taste  which  to  use.  Stead  uses  the 
vertical  method,  Roberts-Austen  the  horizontal. 

Fig.  i  shows  the  apparatus  used  in  Professor  Howe  s  labo¬ 
ratory  ;  it  is  manufactured  by  the  Bausch  &  Lomb  Optical  Com¬ 
pany  and  can  be  used  in  either  position. 

The  method  used  by  Le  Chatelier  is  fully  described  in  Jan¬ 
uary  impression  of  The  Metallographist,  190C  Pa&e  IO- 

'  To  any  one  interested  in  the  details  of  practical  metallog¬ 
raphy  a  paper  by  Stead  will  prove  of  great  value.  It  was  a 
lecture  delivered  to  the  Cleveland  Institution  of  Engineers  in 
February,  1900.  It  is  reprinted  in  The  Metallographist  for  July, 
iqoo  Papers  by  Le  Chatelier ,*  Charpy,f  Osmond, +  Sauveur,§ 
and  many  others,  go  into  the  various  details  so  thoroughly  that 
any  one  can  learn  with  a  little  patience  the  art  and  practice  of 
the  science  To  those  whose  time  is  too  fully  employed  to  allow 
them  to  read  all  papers  on  the  subject  in  the  original,  Sauveur’s 
journal,  The  Metallographist,  will  give  all  that  is  necessary  to 
follow  the  subject  thoroughly. 


*  Revue  Generate  des  Sciences,  January,  1897.  The  Metallographist, 

V01  fBuUetin  de  la  Societe  d' Encouragement,  March,  1897*  The  Metal- 
lographist,  Vol.  I  (1898).  P-  87. 

X  Rapports  de  la  Commission  des  Methodes  d  Essai,  Vol.  II.  The 

Metallographist,  Vol.  III. 

§  The  Metallographist,  Vol.  IV,  No.  4. 
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In  the  Annales  des  Mines  for  January,  1900,*  Osmond  pub¬ 
lished  a  paper  on  the  crystallography  of  iron,  with  some  very 
beautiful  illustrations.  He  concludes  that  iron  in  its  three  states 
crystallizes  in  the  cubic  system,  but  whereas,  G annua  iron  crys¬ 
tallizes  generally  in  octohedra,  Beta  and  Alpha  iron  both  crys¬ 
tallize  out  in  cubes.  In  a  later  paper  written  in  conjunction  with 
G.  Cartaud,t  he  confirms  his  previous  results  by  causing  the  three 
allotropic  varieties  of  iron  to  crystallize  out  as  pure  as  possible, 
and  at  that  temperature  in  which  each  variety  is  normally  stable, 
the  conditions  being  such  as  to  allow  free  development  of  the 
crystals,  the  external  forms  remaining  unaltered  by  the  internal 
changes  which  might  occur  during  subsequent  cooling.  The 
experiments  were  conducted  in  a  porcelain  tube,  internally  var¬ 
nished,  placed  in  a  Mermet  furnace.  A  Le  Chateher  pyrometer 
was  used  to  ascertain  the  temperature,  which  could  be  regulated 


by  the  gas  supply.  ,  . 

Alpha  and  Beta  irons  were  prepared  by  Peligot  s  method, $ 

which  consists  in  reducing  ferrous  chloride  by  hydrogen ;  wh.lst 
Gamma  iron  was  prepared  by  the  method  used  by  Poumarede,§ 
in  which  zinc  vapor  replaces  the  hydrogen  for  the  reduct.cn  of 
the  ferrous  chloride.  Since  the  surrounding  atmosphere  has 
some  influence  on  the  results  obtained,  some  Gamma  iron  was 
prepared  by  the  Peligot  method  and  some  Alpha  and  Beta  iron 
v  the  Poumarede  and  the  results  compared  The  paper  is  full 
of  beautiful  photographs  and  drawings,  showing  the  various 
f  of  crystals  obtained.  In  many  cases  the  crystals  shown 

mS.  ical'  in  form  with  those  prepared  at  South  Kensington 
*re  J.  Ball  who  distilled  galena  in  a  porcelain  tube  in  vacuo. 

by  F  ing  and  Rosenhain||  have  developed  the  crystalline  struc- 
Tmany  of  the  softer  metals  by  casting  on  glass  or  polished 
ture  °  examining  the  surfaces  thus  prepared  various  crys¬ 
talline  forms  can  be  clearly  seen. _ 


*  Also  The  M etallo graphist,  Vol.  Ill  (1900),  p.  181. 

*  Annales  dcs  Mines,  August.  1900.  The  M  etallo  graphist,  Vol.  IV 

( l901±  Comptes  Rendus,  Vol.  XIX.  p.  670,  1844- 
t  Cotnptes  Rendus,  Vol.  XXIX.  p.  518,  1849. 

j|  proe.  Royal  Soc.,  1899.  The  Mctallographist,  Vol.  Ill  (1900),  p.  94. 
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Another  way  of  examining  the  structure  of  some  metals 
and  of  demonstrating  their  methods  of  growtli  is  by  allowing 
part  of  the  metal  to  solidify  and  then  removing  the  liquid  por¬ 
tion.  The  beautiful  crystalline  structure  of  bismuth  is  brought 
out  in  this  way.  If  pure  lead  be  melted  in  a  crucible  and  allowed 
to  solidify  round  the  outside,  by  pouring  out  the  whole  of  the 
liquid  contents  a  beautiful  dendritic  structure  is  revealed.  Many 
beautiful  specimens  prepared  in  the  laboratory  of  Dr.  Percy 
are  now’  in  the  collection  at  the  Royal  School  of  Mines,  London. 

This  dendritic  growth  of  crystals  in  metals  is  of  very  com¬ 
mon  occurrence.  In  the  case  of  iron,  dendritic  crystals  often 
occur  in  the  cavities  existing  in  that  portion  of  the  large  ingots 
which  solidifies  last.  Professor  Tschernoff  has  quite  a  large 
collection,  some  of  which  are  about  2  feet  long.*  On  examin¬ 
ing  the  surfaces  of  small  ingots  of  most  metals  (and  many  alloys) 
we  see  many  good  examples.  Lead  and  tin  show  them.  They 
stand  out  above  the  surface  of  the  ingot  because  they  have  grown 
at  the  surface,  and  as  the  metal  solidifies  the  mass  contracts 
more  or  less,  the  molten  part  sinks  and  they  are  left  standing 
out  in  relief.  Fig.  9  shows  such  dendrites  of  cadmium,  which 
have  the  appearance  of  six-rayed  stars,  symmetrically  arranged 
about  a  hexagonal  axis.  From  each  axis  grows  a  series  of  par¬ 
allel  branches,  making  an  angle  of  6o°  with  that  axis,  and  there¬ 
fore  parallel  to  the  next  adjacent  axis.  Between  each  pair  of 
axes  theie  is  seen  the  beginning  of  another  axis,  thus  adding  to 
the  hexagonal  symmetry. 

Fig.  10  shows  the  surface-structure  of  a  bar  of  aluminium. 
Two  intersecting  dentrites  are  seen.  In  each  onlv  one  quadrant 
has  developed.  We  have  two  axes  at  90°,  and  from  each  grow 
parallel  branches  normal  to  their  own  axis,  but  parallel  to  the 
adjacent  axis.  From  these  branches  grow  leaf-like  grains,  thus 
forming  a  true  skeleton  crystal.  The  whole  shows  a  decided 
cubic  character.  The  cubic  structure  of  aluminium  can  be  clearly 
shown  by  casting  a  small  ingot  of  the  metal.  When  half  solid, 
the  ingot  is  tilted  and  the  liquid  part  is  allowed  to  drain  off.  The 
rough  surface  thus  exposed  is  seen  to  be  divided  up  into  many 
areas ;  each  area  is  made  up  of  a  number  of  small  cubes  similarly 


orientated,  whilst  each  cube 


is  made  up  of  row  upon  row  of 


3,  p.  199- 
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minute  grains.  The  whole  structure  resembles  a  surface  of 
silicon  steel  (4^4  per  cent)  in  Stead’s  Crystalline  Structure  of 
Iron  and  Steel.* 

Copper,  platinum,  gold  and  silver  show  this  dendritic  struc¬ 
ture  on  their  surfaces  when  suitably  cooled,  big.  11  shows  the 
structure  met  with  on  the  surface  of  a  cupellation  button  of  silver. 
Only  the  centre  of  the  skeleton  crystal  is  shown,  but  the  two 
main  axes  can  be  seen  at  right  angles  to  each  other ;  from  each 
grow  out,  normally,  parallel  rows  or  branches  composed  of  grains. 
The  nearer  to  the  centre  of  crystallization,  the  smaller  are  the 
grains.  In  Fig.  12  a  smaller  skeleton  crystal  is  shown.  It  is 
similar  to  the  large  ones,  but  is  stunted  in  growth.  It  shows  the 
curious  growth  at  the  ends  of  the  axes  where  thc\  nierge  into 
the  surrounding  surface.  Although  these  skeleton  cr\  sta  s  are 
fairly  common,  they  do  not  occur  on  all  silver  buttons  The 
normal  structure  of' the  surface  of  a  cupellation  button  of  silver 
is  shown  in  Fig.  13.  It  consists  of  grains  with  straight  bounda¬ 
ries.  This  structure  is  probably  the  result  of  contraction  on 
solidification,  because,  in  places,  the  lines  are  seen  to  cut  across 

patches  of  oStadon.  and  the  lines  of 

^  coincMe  with  the  true  grain  (crystal)  boundary 

because  these  will  be  the  lines  of  weakness  In  some  cases,  how- 
because  ti  .  f  their  own.  This  cooling  structure 

ever,  they  take  *  d.rec  many  basalts.  The  sur- 

is  probably  similar « Af  is  seen  in  Fig.  .4.  There  are 

face  structure  °  ^  crystals  with  irregular  boundaries  but 

several  large  g  f  secondary  grains,  similarly 

distinct  orientation  each^adetiP 

arranged,  causing  f  Fjg  ^  we  sce  that  the  dendrites 

In,  i  ,0  astinte  a  definite  crystalline  form;  and  this  is 
are  inclined  *  ld  expect  when  we  remember  the  definite 
exactly  what  we  from  a  crucible  of  bismuth.  The  stars  of 

forms  seen  on  ^  known  to  require  any  description  here, 
antimony  metais  are  cast,  dendrites  are  formed  by  the 

When  cer^  part  durjng  solidification,  thus  leaving 

shrinking  the  surface.  A  similar  thing  occurs  when 

Steel  Institute,  May,  1898.  The  Metallographist,  Vol.  I 

(1898)’  289‘ 
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many  alloys  are  east.  We  may  have  dendrites  of  a  metal  left 
in  relief,  due  to  the  shrinking  of  the  eutectic  or  portion  of  the 
alloy  which  solidifies  last;  or  we  may  have  definite  crystals, 
generally  of  a  compound,  standing  up  above  the  surface.  These 
surface  structure,  as  we  said  before,  are  often  very  reliable  in¬ 
dications  of  the  internal  structure  of  the  alloy.  They  may  also 
be  very  misleading,  however,  as  in  the  case  of  the  bronzes  be¬ 
tween  70  per  cent  and  95  per  cent  of  copper. 

In  his  paper  on  the  “  Crystalline  Structure  of  Iron  and 
Steel.’  *  Stead  points  out  that  the  same  law  which  determines 
the  size  of  the  individual  crystals  formed  when  hot  saturated 
solutions  of  chemical  salts  are  cooled  quickly  or  slowly  holds 
good  when  metals  solidify  from  the  liquid  state.  If  a  metal  be 
cooled  very  slowly  past  its  freezing  point,  its  structure  will  be 
comparatively  large ;  if  it  be  cooled  rapidly  past  its  freezing  point, 
the  result  will  be  a  much  finer  or  more  minute  structure.  In 
cooling  slowly,  crystals  start  to  grow  from  a  comparatively  few 
points  only,  and  the  resulting  structure  is  large ;  in  rapid  cooling, 
the  points  of  initial  crystallization  are  numerous,  and  the  struc¬ 
ture  on  complete  solidification  is  small.  When  a  crystal  starts 
f 1 0111  a  P°int  it  grows  in  all  directions  till  interfered  with 
b\  the  growth  of  adjacent  crystals.  As  the  crystals  seldom 
grow  so  that  their  crystallographic  axes  lie  in  the  same  di¬ 
rections,  we  find  on  solidification  that  each  has  a  different 
orientation.  This  difference  in  orientation  is  beautifully  seen 
if  we  take  ingots  of  lead,  tin,  cadmium,  zinc,  etc.,  and  'lightly 
etch  their  surfaces.  The  effect  of  etching  is  to  take  off  the 
surface  of  the  metal,  but  not  as  a  film  of  uniform  thick¬ 
ness.  The  acid  has  not  the  same  effect  on  each  crystal,  but  re¬ 
moves  more  of  one  than  of  another,  the  amount  depending  upon 
the  position  of  the  crystal  with  relation  to  the  surface  which  is 
being  etched.  The  acid  follows  the  track  of  the  secondary  crys- 
ta  s,  or  iat  icr  grains,  and  so  we  have  a  step-like  surface  eroded, 
which  resembles,  more  or  less,  a  broken  surface  of  galena.  Thus, 
hght  is  more  or  less  reflected  from  each  crystal,  depending  on 
the  angle  at  which  the  step-like  surface  is  inclined. 

The  size  of  the  crystals  of  an  ingot  of  metal  and,  to  a  great 


*Iron  and  Steel  Institute,  May  1808 
I  (1898).  p.  289.  ^ 
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decree,  their  shape  depend  upon  the  mould  in  which  the  metal 
is^cast.  Thus  tin,  when  cast  in  a  stone  mould,  gives  quite  a 
different  appearance  to  what  it  does  when  cast  in  iron;  the  dif¬ 
ference,  of  course,  being  due  to  the  difference  in  rate  of  cooling. 
Again,  the  size  of  grain  or  crystals  depends  upon  the  purity  of 
the  metal  used.  If  pure  and  impure  tin  be  cast  in  the  same  mould, 
in  the  case  of  the  impure  tin  the  crystals  will  be  comparatively 
long  and  slender,  their  length  pointing  towards  the  axis  of  t  le 

^The  fractures  of  ingots  in  general  reveal  a  columnar  struc¬ 
ture  If  an  ingot  of  zinc  be  broken,  elongated  crystals  with 
irregular  faces  are  seen  to  have  grown  from  the  surface  nex 

to  the  mould  perpendicularly  ^ 

If  a  section  of  an  ingot  of  lead  or  tin  be  cut  vert 
and  etched,  a  similar  structure  is  seen.  I  ■  '8 

broken  hot,  this  columnar  structure ‘s^eau^  due 

cast  cylindrical  rods  of  mo  a  cast  rod  0f  antimony  the 

to  the  same  cause.  On  f  lon„ated  pyramids  with  their 

structure  is  that  o  num  their  bases  forming  the 

apices  meeting  at  the  axis  u 
cylindrical  surface  of  the  roc . 

The  Effects  of  Strain 

...  metals  have  been  well  explained 
The  effects  of  .strain >  «l  Ewing  and  Rosenhain  * 

and  illustrated  micr°sc  £  ffe'cts  of  strain  and  also  of  annealing 
Charpyt  has  illustrated  ^Austen$  upon  steel  rails  and 

upon  the  brasses,  etc.,  ^ 

gun  tubes.  osenhain  state  that  no  effects  of  strain  can  be 

Ewing  and  Rose .croscope  within  the  elastic  limit ;  but  as 
detected  under  t  e  ^  lines  are  seen  on  the  faces  of  the 

soon  as  this  is  Passe ;  ’  of  less  straight,  are  parallel  in  each  grain, 
grains.  orientated  in  different  grains.  The  first  lutes 

but  are  differe^______ _ _ _ _ _ _ 

- - TZZTuay  iB.  1899.  Phil.  Trans.  Royal  Sac.,  CXCIII, 

Vol.  Ill  (.900),  p.  94- 

n  S53-  The  m  qnciSte  d’ Encouragement. 

p'  t  Bull*"  st„,  InstiMe,  No.  II,  .898;  No.  II,  .900.  The 

V ol.  II  (.899),  P-  m5. 

MetallogrvP'  ' 


Structure  of  Metals  and  Binary  Alloys 


305 


that  appear  are  those  approximately  transverse  to  the  line  of 
force;  but  as  the  force  increases,  other  systems  of  lines  appear 
on  other  grains,  and  these  lines  are  inclined  to  the  direction  of 
straining.  As  the  straining  increases  some  of  the  grains  begin 
to  show  one,  two,  three  and  more  systems  of  parallel  lines,  thus 
giving  the  grain  the  appearance  of  Schillerization.  If  the  sur¬ 
face  of  a  bar  of  bismuth,  which  has  been  strained  till  it  broke, 
be  examined,  the  lines  or  slip-bands  are  clearly  seen  on  each  side 
of  the  fissure.  Several  parallel  groups  will  appear  in  view. 
Fig.  6  in  Dr.  Mathew’s  paper  showed  some  of  these  slip-bands 
in  tin.  It  shows  the  strained  surface  of  an  ingot  of  pure  tin, 
whilst  Fig.  5  of  the  same  paper  showed  lines  of  strain  set  up 
in  a  section  of  tin  which  had  been  hammered  and  then  annealed. 
Similar  slip-bands  in  crystals  of  cadmium  are  shown  in  ig.  • 
The  cry  of  tin,  the  crackling  of  zinc,  etc.,  are  due  entirely 

the  formation  of  these  slip-bands. 

It  was  mentioned  above  that  when  a  soft  metal,  «**  «!«£ 
or  tin,  was  cut  with  a  file,  particles  tend* 

tear  the  surface  of  the  metal.  -  not  noticed* 

nearly  all  the  softer  alloys  The 

but  on  etching,  long  paralle  me  h  Unes  devel- 

are  seen  to  «  a.  *  cut  with  a  saw  a 

set 

fled  is  removed  structure  on  etching.  Fig^  4 

appears  along  with  *d  tin  which  has  been  cut  with  a 

shows  a  section  of  s  o\  )  ^  ^  together  with  the  larger  struc- 

saw ;  a  finer  crystallization  is  seen  o^  be  prolonged  the 

££  teuctureeis0Xera,ed.  showing  that  it  is  only  on  the 

surface.  .  (  mPtal  is  hammered  or  rolled  the  crys- 

Now,  when  a  piece  ^  direction  in  which  it  has  become 
tals  become  lengthen  the  direction  of  contraction.  In 

drawn  out,  and  sll°  and  other  of  the  tougher  metals,  this 
the  case  of  copper  i  aratively  iong  duration ;  but  in  the 

attenuating  stage  is  short  and  the  crystals  or  grains 

case  of  the  so  ter  ^  and  minute  crystallization.  Fig.  2  of 

break  up  to  ^  shows  the  appearance  of  hammered  tin. 

?Le  structure  is  roughly  granular  and  no  trace  of  the  original 
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slow-cooling  structure  can  be  seen  as  in  Fig.  4.  Rolled  tin  has 
a  similar  structure,  and  it  is  curious  to  note  that  the  thinner  the 
piece  is  rolled  the  more  distinct  become  the  individual  crystals. 
At  a  certain  point  they  no  longer  split  up,  but  become  attenuated 
as  if  plastic.  The  structure  of  rolled  cadmium  is  shown  in  Fig.  6. 


The  Effect  of  Heat-Treatment 


It  is  well-known  that  annealing  tends  to  relieve  the  strain 
in  a  metal  or  alloy.  In  many  metals  it  does  more  than  this ;  it 
causes  the  growth  of  crystals  or  grains.  Fig.  1  of  Dr.  Mathews’ 
paper  shows  a  bar  of  tin  rolled  out  to  about  3.5  millimeters  thick. 
The  right-hand  pair  show  the  structure  of  the  metal  just  as  it 
comes  from  the  rolls.  The  left-hand  pair  have  been  annealed 
for  ten  days  upon  a  hot-plate  at  not  more  than  1800  C.  The 
size  is  slightly  reduced.  The  difference  between  the  unannealed 
and  the  annealed  specimens  is  striking,  to  sav  the  least.  The 
orientation  in  the  left-hand  pair  is  marked  and  shows  the  bound¬ 
aries  between  the  various  crystals.  Figs.  3  and  4  of  the  same 
paper  show  hammered  tin  unannealed  and  annealed  at  about 
1 8°  .  C-  for  seven  days  on  a  hot-plate  (not  ten  davs  as  stated). 
Again  the  difference  between  the  two  specimens  is  striking.  In 
big  4  it  will  be  noticed  that  the  new  crystals  tend  towards  straight 
regular  boundaries  and  in  section  are  more  or  less  perfect  hexa- 


Fig.  5  shows  five  pairs  of  strips  of  cadmium  rolled  out 

neTnf  'Htf  L^u  ^  r!ght>  the  first  have  a  thick- 
"rh  H  f  H  i  the  SeCOnd  °f  0049  inch"  the  third  of  0.036 
are  on  v  °.  0  024  ",,ch'  whils‘  the  last  and  thinnest  pair 

rod  having  a  circular  se  ion"  /  inrf  y  T"  r°1,ed  °Ut  fr°m  * 
•  -/  .  f  ,  ,  section  /18  inch  in  diameter.  Their  len°-th 

is  2^  inches  and  breadth  0.4  to  0.45  inch. 

The  right-hand  -  strip  of  earb  n„v  1  , 

Mr  ir  ^ 

thickest  pair  (No.  1)  were  found  to  1  U  ^  After  rolling’  the 
and  this  is  shown  in  Fig  6  \fter  COarsest  structure 

large  crystals  were  found  in  all  of  al?°Ugh  tolerabl-v 

was  found  to  have  the  coarsest  a  . ,  StnpS’.  the  thlckest  stnP 

the  crystals  developed  in  No  1  bv  grain‘  FiS-  7  shows 

1  A°-  3  by  annealing.  The  definite  bound- 
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aries  and  distinct  orientation  are  to  be  noted.  Those  developed 
in  No.  1  were  so  large  that  a  single  crystal  would  cover  the  whole 
figure  at  the  same  magnification,  whilst  those  developed  in  the 
thinnest  strip  were  proportionately  smaller.  Fig.  8  shows  some 
of  the  smaller  grains  or  crystals  of  No.  1,  photographed  after 
the  strip  had  been  bent.  The  strain  produced  by  bending  has 
set  up  the  series  of  slip-bands.  Five  distinct  parallel  series  can 

be  seen  in  the  largest  grain  on  the  left. 

An  exactly  similar  experiment  was  performed  with  tin.  The 
annealing  was  carried  on  for  five  days  on  a  hot-plate  and  the 
results  were  identical  with  those  of  the  cadmium.  In  both  cad¬ 
mium  and  tin,  annealing  produces  a  marked  brittleness,  and  when 

the  strips  are  distorted  they  cry. 

If  ordinary  rolled  sheet  lead  be  etched  and  examined,  a 
structure  similar  to  Fig.  6  will  be  met  with.  Etching  is  best 
performed  with  acetic  acid  for  a  long  period.  Anneal  it  for  a 
week  at  a  temperature  of  only  200°  C.,  and  a  coarse,  very  ir¬ 
regular  crystalline  structure  will  be  deve  oped.  The  crysta 
wffl  be  of 'all  sizes  and  shapes;  in  many,  distinct  twinning  wall 
be  observed.  In  all  cases  the  difference  in  orientation  will  be 
marked  In  one  case  a  crystal  quite  i  inch  long  by  /a  inch  in 
breadth  was  grown  in  five  days  by  the  author  The  tempera¬ 
ture  was  only  180°  C.  and  the  thickness  of  the  sheet  of  lead  1.75 

millimewrs^  ^  ^  intQ  strips ;  it  will  take  a  fairly 

high  power  to  reveal  its  structure.  Anneal  it  as  before  shown 
and  you  will  find  the  crystals  have  grown  so  large  that  some 
^  j  nil  he  all  that  are  able  to  occupy  your  strip.  The 

two  dozen  \  exceedingly  tough,  but  after  annealing  it  will 

r0l,<?,ZmC  Tending  e«r  so  slightly  and  will  break  if  further 
crackle  or  has  made  it  extremely  brittle.  On  slightly 

bent,  tor  a  ^  examining  it  under  the  microscope,  it  will 
bending  *  grain  is  traversed  by  parallel  systems  of  slip- 

be  seenwl\ch  develop  into  cracks  if  the  bending  be  carried  to 

Jall<  Sonsiderable  extent. 

aliy  Tf  the  surface  of  electrolytically  deposited  copper  be  exam- 
*  coarse  crystalline  structure  is  seen.  On  parts  of  the  sheet 
m- if  often  be  found  that  the  rate  of  deposition  has  been  greater 
tbe  surrounding  surface  and  a  crystalline  knob  of  copper 
stands  out  above  the  level  of  the  rest  of  the  sheet.  If  a  section 
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be  made  through  one  of  these  knobs,  and  the  surface  be  polished 
and  etched,  the  true  crystalline  structure  is  shown  up.  It  con¬ 
sists  of  comparatively  large,  irregular  crystals,  each  possessing 
a  definite  orientation.  If  this  copper  be  rolled  out,  the  large 
crystals  are  broken  up  and  a  much  finer  crystallization  is  set 
up,  still  composed  of  crystals  with  irregular  boundaries.  If 
copper  foil  be  examined  after  its  repeated  annealing  and  rolling, 
or  rolling  alone,  it  is  seen  to  be  composed  of  very  small  grains. 
The  foil  possesses  a  marked  amount  of  spring.  No  amount  of 
etching  will  show  any  orientation,  and  the  structure  seems  to  be 
composed  entirely  of  oval  grains,  pointing,  of  course,  in  the 
direction  of  rolling.  It  is  similar  to  that  of  sheet-copper  which 
has  been  rolled  out  from  an  ingot.  Anneal  it  for  a  moment  at 
a  straw  heat  and  it  becomes  quite  limp  with  no  trace  of  spring 
left.  On  examination  the  fine  crystalline  structure  has  disap¬ 
peared  and  a  large  mottled  structure  is  now  seen.  Thus  there 
is  an  intimate  relation  between  the  fine  rounded  or  oval-grained 
structure  and  elasticity  of  the  copper  foil. 


Electro-nickel  when  polished  and  etched  shows  a  reniform 
structure  where  it  has  formed  a  knob-like  mass.  Numerous  dis¬ 
tinct  layers  can  be  seen,  but,  so  far,  no  distinctly  crystalline 
structure  can  be  seen.  The  structure  of  iron  appears  to  be  sim¬ 
ilar  to  that  of  nickel,  that  is,  it  consists 'of  layer  upon  laver  like 
an  agate.  The  effects  of  annealing  and  rolling  electro-nickel  and 
iron  have  not  been  examined  as  yet  by  the  author. 

The  growth  of  crystals  in  the  solid  due  to  annealing  has 
been  shown  over  and  over  again.  Roberts-Austen,  in  his  last 
Cantor-Lectures,  delivered  to  the  Society  of  Arts,  London,  ex¬ 
hibited  three  photomicrographs  showing  the  growth  of  crystals 
m  pure  gold.  The  first  showed  two  plates  of  pure  gold  pressed 
together.  The  squeezing  was  so  great  that  the  crystals  had  been 
strained.  Without  strain,  it  is  thought  that  no  welding  will  take 
place.  The  second  view  showed  the  plates  after  annealing  at 

/5°  G’  S  °W  .yiCOO  ing-  The  junction  between  the  two  plates 
could  be  distinguished,  b.ut  in  several  places  crystals  had  grown 
across  the  junction  A  third  view  showed  the  same  after  long 
annealing  and  the  line  of  junction  had  entirely  disappeared.  If 
a  section  be  taken  across  a  weld  in  a  steel  rail  or  bar  which  has 

iunctionT  Ky  G°ldSChmid  welding  process,  no  line  of 
junction  can  be  seen. 
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Alloys 

__  .  fh.  heading  of  “  Alloys  as  Solutions,”  Dr.  Mathews 

the  heavier  at  the  base.  Wright’s  figures,  ob- 

The  following  are  some  of  Dr.  AW  »  stirring,  and 

tained  by  taking  each  of  the  five  pairs  ^  h(Jrs  at  8oo”C. ; 

then  allowing  them  to  stan  mo  formed;  these  were 

separation  took  place;  two  liquid  alloys  were 

quenched  and  each  analyzed.  heavier  alloy  contained  1.3 

In  the  case  of  zinc  and  lead,  theheav.e  . 

per  cent  Zn;  the  lighter  1-57  P"  “b  heavier  alloy  contained 
In  the  case  of  zinc  and  b.smutn  ^  g. 

14.28  per  cent  Zn ;  the  lighter  2-32P  heavier  alloy  con- 

In  the  case  of  aluminium  and  lead ,  ‘  ^  ^  pb 

tained  0.07  per  cent  Al;  the  'SP  and  bismuth  the  heavier  alloy 
In  the  case  of  aluminium  and  bism  ^  g. 

contained  0.28  per  cent  Al ;  the  hgl  £  the  heavier  alloy 

In  the  case  of  aluminium  and  «d  ^  ^  cd 
contained  0.22  per  cent  Al,  tie  U  ^  ^  down  very  slowly  till 
If  we  allow  our  molten  au0ys  thus  formed,  in  t  e 

it  solidifies,  and  then  examine  the  ^  and  most  probably 

case  of  zinc  and  lead  or  alumm.u  and  cadmium,  we 

also  of  aluminium  and  bism' •  lid  solution  of  one  me  a 

get  the  same  results,  f *  ■»  ^  ^  excess  can  be 

.  .1  rather  -  no  crystals  but  ti  ^  structure  of  the 

’seen  Take ’the  aluminium-cadmium  P  •  ^  cadmhini  it  con- 
upper  part  is  that  of  alum.mum  and^^  ^  ba$e  „  that  of 

*ins  'a  m  soli d  sdutmnm ^  ^  ,  in  solid  solution.  In^ie 

^  solution  before 

that  the  lead  Wording  to  Heycock  and  Neville,  .be 

fStint  isV  depressed,  a^^  ^  The  upper 

With  the  zinc-bismuth  I  ^  bismuth  in  solid  solution,  but 
alloy  shows  zinc  containing  crystais  in  the  groundmass, 

the  lower  one  shows  of  bismuth  and  zinc,  as  shovm  m 

which  is  P^ttveen  bismuth  and  about  .3  per  cent  Zn,  87  P 
pig.  16.  tnu»  ^ 


3io 


The  Metallographist 


cent  bismuth,  we  get  one  layer  in  each  alloy  we  make.  Between 
these  points  we  have  a  simple  series  of  alloys,  whose  freezing- 
point  curve  consists  of  two  branches  inclined  to  each  other  and 
meeting  at  the  eutectic  point  3.5  per  cent  Zn  at  about  240°  C.* 

If  either  of  the  five  pairs  of  metals  above  be  melted  and  a 
sufficient  proportion  of  either  tin,  silver,  antimony  or  copper  be 
added,  no  separation  will  take  place;  but  if  the  quantity  of  the 
“  solvent  ”  metal  is  less  than  a  certain  amount,  the  alloy  separates 
into  two  layers,  each  layer  consisting  of  a  ternary  alloy  of  the 
three  metals.  Fig.  17  shows  a  case  where  sufficient  of  the 
“  solvent  ”  metal  was  added  and  a  single  ternary  alloy  was  formed. 
The  alloy  consists  of  equal  weights  of  zinc,  bismuth  and  tin.  The 


figure  shows  long  dendrites,  which  closely  resemble  those  of 
zinc  in  zinc-tin  alloys,  set  in  a  groundmass,  probably  a  triple 
eutectic  of  BiZnSn. 

In  many  text-books  the  amounts  which  each  of  the  above 
pairs  of  metals  retain  of  the  other  when  solid  varies  widely.  In 
some  cases  we  are  told  that  aluminium  mixes  freely  with  both 
bismuth  and  cadmium.  The  reason  for  this  lies  in  the  method 
of  cooling.  If  instead  of  cooling  slowly  we  cast  or  chill  our 
alloy,  directly  after  stirring,  we  don’t  allow  our  emulsion  to 
settle,  and  in  consequence  globules  of  the  heavier  are  found  in 
the  lighter  allo\.  big.  18  shows  the  surface  of  aluminium  con¬ 
taining  such  globules.  Aluminium  was  melted  with  some  Bi 
and  Cd.  When  thoroughly  melted  the  pot  was  shaken  and  the 
alloy  poured  into  a  cold  iron  mould.  In  consequence  of  the  rapid 
cooling,  separation  could  not  take  place,  and  scattered  throughout 
our  aluminium  appear  shots  or  globules  of  the  bismuth-cadmium 
alloy.  When  slowly  cooled  perfect  separation  took  place 


Binary  Alloys 

Charpyf  has  published  one  of  the  most  complete  papers  on 

the  microstructure  of  binarv  allovs  T-r«  1  1  ‘ 

.1  •  ,  ,  uuuuy  auoys.  -He  classes  them  accon  no- to 

t'leir  curves  of  fusibility,  following  Le  Chatelier. 

*  Gautier :  Bulletin  de  la  SnriStA  j’t? 

1293.  Roberts-Austen ;  “  Introduction  t  Vo1’  18961  p‘ 

t  Bulletin  de  la  Soctttc  d’Enconraoe  ,  T  vr^’  p,ate  PP'  II4'H5' 
lographist,  Vol.  I  (1898),  p.  87.  S  went,  March,  1897.  The  Metal- 
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Qroup  I.  —  Two  branches  of  curves  starting  from  the  melt¬ 
ing-points  of  the  two  pure  metals  and  meeting  at  a  point  coi  re¬ 
sponding  to  the  eutectic  alloy;  this  curve  is  obtained  when  the 
metals  form  neither  definite  compounds  nor  isomorphous  mix¬ 


tures. 

Group  II.—  Three  branches  of  curves,  two  of  them  starting 
from  the  melting-points  of  the  pure  metals  and  a  third  exhibiting 
a  maximum  and  crossing  the  two  formei  in  two  points  corre 
sponding  to  two  eutectics ;  it  is  the  case  of  two  metals  forming 

a  definite  combination.  .  . 

Group  III.  —  The  curve  of  fusibility  is  continuous  and  unites 

the  melting-points  of  the  two  metals  forming  isomorphous  mix¬ 


tures 

Fig.  14  in  Dr.  Mathews’  paper  shows  types  of  these  curves^ 
Group  I  is  represented  by  the  AgCu  curve,  Group  II  by  the  SbC 
curve,  and  Group  III  by  the  AuAg  curve.  evCess  of 

To  Group  I  belong  all  a  mechanical 

either  metal  crystallizes  out  11 
mixture  of  the  two  metals. 


Lead  and  antimony. 
Tin  and  zinc. 

Tin  and  lead. 

Tin  and  bismuth. 


Lead  and  silver. 

Zinc  and  aluminium. 
Copper  and  silver. 
Copper  and  gold. 


figures,  as  for  examp  represent  compositions  of  solid 

and  goldt  in  st^e  -J-  »  and  £  ^  „umerically  very 

solutions  tnftn  y  ^  ^  and  zinc>  etc. 

small,  as  m  tne  ,  oup  in  which  the  excess  of  one  metal 

We  can  J°!™a  eutectic  which  is  a  solid  solution  of  this  metal 

in  the  second.  Aluminium  and  tin. 


>  II  we  get  two  divisions  for  each  pair  of  metals 

h]  ^eh1 division  being  comparable  with  Group  I,  thus  : 

alloy'p  The  excess  of  the  first  metal  or  the  compound  crvstal- 

* 1  .  • ,  „  eutectic  which  is  a  mechanical  mixture  of  this  metal 
lizes  out  in  a  cut 

and  the  compound. 
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(2)  The  excess  of  the  second  metal  or  the  compound  ci\s~ 
tallizes  out  in  the  second  eutectic,  which  is  a  mechanical  mixture 
of  the  second  metal  and  the  compound. 

Copper  and  antimony. 

Tin  and  nickel. 

A  sub-group  might  be  formed  in  which  the  eutectics  are 
solid  solutions  of  the  compound  in  either  the  first  or  the  second 
metals. 

Antimony  and  aluminium. 

Thus  we  get  two  divisions,  each  of  which  is  comparable  with 
the  sub-group  of  Group  I.  In  the  case  of  antimony  and  aluminium 
we  have  the  compound  SbAl  crystallizing  out  in  a  eutectic  which 
is  a  solid  solution  of  Sb  in  Al,  or  in  a  eutectic  which  is  a  solid 
solution  of  Al  in  Sb. 

In  Group  III  no  eutectic  in  the  true  sense  of  the  word  exists. 
The  examples  of  this  group  are: 

Bismuth  and  antimony. 

Silver  and  gold. 

\\  hen  an  alloy  of  gold  and  silver  commences  to  solidify, 
dendrites  comparatively  rich  in  gold  begin  to  form.  The  mother- 
liquor  is  enriched  in  silver.  As  the  temperature  falls,  the  dendrites 
continue  to  grow  larger  and  larger,  but  as  each  coating  of  metal 
is  less  rich  in  gold  than  the  one  previous,  and  as  diffusion  (in  the 
case  of  slow  cooling)  produces  a  uniformity  of  composition  or 
an  equilibrium  in  the  dendrites,  these  latter  become  richer  and 
richer  in  silver,  till  at  the  point  where  the  whole  alloy  becomes 
solid  they  have  the  composition  of  the  original  alloy.  Of  course, 
if  equilibrium  is  not  established  we  get  mixed  crystals,  or  in  other 
words  the  dendrites  are  richer  in  gold  at  the  centre  than  at  the 
outside. 

A  fourth  group  might  be  added  — where  a  compound  is 
formed  and  we  get  two  divisions: 

(1)  An  excess  of  the  first  metal  or  the  compound  crvstal- 
ikmg  out  in  the  eutectic  of  this  metal  and  the  compound 

(2)  An  tsomorphous  mixture  of  the  compound  and  the 
second  metal. 

To  this  group  would  belong  antimony  and  silver  and  perhaps 
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tin  and  silver.  Thus  this  group  is  really  a  combination  of  Groups 
I  and  III. 

Charpy  groups  together  alloys  with  abnormal  curves  of  fusi¬ 
bility.  Amongst  them  are : 

Copper  and  tin.  Antimony  and  tin. 

Copper  and  zinc.  Zinc  and  silver. 


Tin  and  Zinc 

The  cooling  curve  of  the  series  (Fig.  33)  is  composed  of 
two  inclined  branches  meeting  at  8  per  cent  zinc.  The  horizontal 
branch  corresponding  to  the  freezing  of  the  eutectic  occurs  at 
205°  C.,  and  extends  from  almost  pure  tin  to  almost  pure  zinc; 
in  other  words,  as  soon  as  a  very  small  quantity  of  one  metal 
is  added  to  the  other  a  eutectic  is  formed,  for  the  concentration 
of  the  solid  solutions  formed  is  very  dilute. 

Then  between  tin  and  the  eutectic  alloy  containing  8  per  cent 
zinc  we  find  grains,  and  then  dendrites  of  tin  set  in  an  increasing 
groundmass  of  eutectic.  The  solidification  of  the  tin  is  marked 
by  the  break  B  C  in  Fig.  33,  whilst  that  of  the  eutectic  is  denoted 
bv  the  break  b  c.  Below  b  c  the  alloys  are  solid ;  between  B  C  b 
we  have  a  mixture  of  solid  grains  or  dendrites  of  tin  in  a  liquid 
whose  composition  will  depend  upon  the  temperature. 

Between  zinc  and  the  eutectic  alloy  we  find  grains,  dendrites, 
and  then  long,  attenuated,  lath-like  bodies  of  zinc  surrounded 
by  increasing  amounts  of  eutectic.  The  solidification  of  the  zinc 
is  marked  by  the  break  A  C,  whilst  that  of  the  eutectic  is  denoted 
by  a  C.  Then,  as  before,  below  a  C  all  the  alloys  are  solid.  When 
an  alloy  cools  down  from  the  liquid  state,  it  remains  entirely 
liquid  till  its  temperature  reaches  that  of  the  curve  A  C.  For 
example,  take  the  alloy  containing  80  per  cent  zinc.  At  390°  C. 
the  first  grains  of  zinc  begin  to  form  and  the  mother-liquor  is 
enriched  with  regard  to  tin.  As  the  temperature  falls,  the  zinc 
o-rains  grow  and  the  mother-liquor  becomes  richer  and  richer  in 
tin  Thus  at  350°  C.  it  will  contain  about  47  per  cent  of  tin ;  at 
300°  C.  about  72  per  cent ;  whilst  at  just  above  205°  C.  it  contains 
about  92  per  cent.  At  205 0  C.,  that  is,  the  temperature  aCb, 
the  mother-liquor  solidifies  and  the  temperature  remains  constant 
till  the  whole  mass  is  solid;  then  the  temperature  falls  normally 
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in  the  solid  mass.  Fig.  19  shows  an  alloy  containing  20  per  cent 
zinc,  80  per  cent  tin.  The  long,  lath-like  grains  of  zinc  are  seen 
with  their  distinct  tendency  towards  parallel  growth.  Tig.  17 
would  well  illustrate  the  appearance  of  an  alloy  containing  be¬ 
tween  60  and  70  per  cent  Zn. 


Lead  and  Tin 
« 

The  cooling  curve  for  these  twro  metals,  taken  from  the 
Report  of  the  Alloys  Research  Committee  (London),  is  shown 
in  Fig.  33.  It  consists  of  two  inclined  branches  meeting  at  the 
eutectic  point,  68  per  cent  tin,  32  per  cent  lead.  The  horizontal 
branch  corresponding  to  the  solidification  of  the  eutectic  occurs 
at  1800  C.  and  probably  extends  further  than  shown,  for  it  would 
appear  in  this  case  also  that  the  concentration  of  the  solid  solu¬ 
tions  formed  was  very  minute.  The  meaning  of  this  curve  is  the 
same  as  that  of  the  tin-zinc  series.  Alloys  containing  more  than 
68  per  cent  Sn  remain  liquid  until  their  temperature  reaches  C  B. 
At  that  point  pure  tin  or  almost  pure  tin  crystallizes  out  of  the 
mother-liquor  and  continues  to  crystallize  out  till  the  mother- 
liquor  reaches  the  composition  of  68  per  cent  Sn,  w’hich  it  does 
at  1800  C.  At  that  point  it  solidifies  as  a  eutectic  of  alternate 
laminae  more  or  less  curved  of  lead  and  tin,  without  anv  fall 
in  temperature.  W  hen  solidification  is  complete  the  temperature 
falls  normally.  Alloys  containing  less  than  68  per  cent  Sn  remain 
liquid  till  they  reach  the  temperature  of  branch  A  B,  when  lead 
commences  to  crystallize  out,  enriching  the  mother-liquor  in 
tin.  Crystallization  continues  until  the  mother-liquor  has  a  com¬ 
position  of  68  per  cent  Sn  at  180°  C.,  when  it  solidifies  as  before. 

The  surface  structures  of  these  allovs  when  cast,  and  also 
when  slowly  cooled,  give  a  good  indication  of  their  internal 
structure.  Fig.  20  shows  the  surface  structure  of  the  allov  1 3 
per  cent  Pb ;  85  per  cent  Sn  when  cast.  The  large  dendrites  of 
tin.  differently  orientated,  are  seen  standing  out  above  the  surface. 
The  eutectic  in  cooling  and  solidifying,  has  shrunk  and  sunk 
beneath  the  leve  of  the  dendrites,  which  thus  stand  out  in  relief. 
Fig.  21  shows  the  surface  of  an  alloy  from  the  other  end  of  the 

series.  It  contains  Sn  26  per  cent ;  Pb,  74  per  cent.  It  is  taken 

from  a  small  ingot.  In  this  case  the  dendrites  are  those  of  lead, 
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which  stand  out  above  the  level  of  the  eutectic.  The  difference 
in  size  of  the  dendrites  of  tin  and  lead  is  great. 

Fig.  22  shows  the  effect  of  copper  upon  common  solder. 
Five  per  cent  of  copper  was  added  to  the  solder  (2  Pb:i  Sn) 


Freezing-Point  Curve:  Lead-Tin  (alloys  research). 

Lead 


Percentage  composition  by  weight. 

Fig-  33- 

giving  an  alloy,  Pb  63  per  cent,  Sn  31  per  cent,  Cu  5  per  cent, 
in  which  three  constituents  can  be  seen.  The  long,  rough  crys¬ 
tals  of  a  compound  of  copper  and  tin  have  crystallized  out  first 
of  all ,  then  the  excess  of  lead  has  solidified  as  grains  and  den¬ 
drites,  and  last  of  all,  the  eutectic  has  solidified. 
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Lead  and  Antimony 

The  curve  of  fusibility  is  composed C. 
cut  at  a  sharp  angle  at  the  eutectic  pom  ,  ding  t0  Stead.f 

according  to  Roland-Gossehn  *  and  247  C.  accor  h 

Fig.  34  shows  the  curve  sb  are  extremely  difficult 

Alloys  containing  o  to  3  P  ^  seen  tQ  consist  of  grams 
to  polish  and  etch  properh.  '  atrix  composed  of  alternate 

and  then  dendrites  of  lead  111  ^  shows  the  10  per 

bright  and  dark  laminae,  -  >  ant  ’  tajs  0f  lead  are  seen  to 
cent  Sb  alloy,  and  the  large  skelet  eutectic  corresponds  to  the 
have  solidified  in  the  eutectic.  '  tjlat  a  compound  exists, 

formula  Pb.Sb,  but  this  (  oes  no  ^  percentage  composition 

but  that  the  eutectic  happens  JL  similar  case  is  that 

which  corresponds  to  a  formula.  An 

of  Levol’s  alloy.  ,  led  alloys  show  a  distinct 

Above  13  Per  cent  S  5 1  surface  This  hard  white  layer 

layer  of  harder  metal  at  *e  «PP^  "  uimony  in  the  alloy  is  in¬ 
increases  in  thickness  as  the '.to*  whole  mass  appears 

creased,  until  at  about  5°  I>e  «nt  ^  (o  consast  of 

bright.  Under  the  “'^Xs  imbedded  in  the  eutectic.  Stead 
more  or  less  well-formed  cubes  '» out  0f  a  homogeneous 
has  proved  that  these  crystals  ^  ^  ^  ^  is  not  .  case 

mother-liquor,  but  by  »  lea,J  and  zinc, 

of  two  liquids,  as,  for  exan  P  ,  found  to  contain  at  most  0.2 
The  crystals,  on  analysis,  cr}.staUizes  out  in  almost 

per  cent  Fb  showing  ^  words,  that  the  concentration  o,  the 


ng  that  the  antimony  <£"n “  ion  of  the 

the  pure  state,  o„  i"  othe"  '  is  „„ly  a  in  1000,  and  that 

solid  solution  of  lea  eutectic.  The  specific  gravity 

above  0.2  per  cent  lead  we  ge  whUst  that  of  the  eutectic  is 
of  these  cubes  of  ant.m°  y  im  is  found  on  the  top  ot  the 
I0  ,  which  explains  why  11 '  ■  the  lower  portion  of  any  of 

slowly  cooled  ;er  cent  Sb,  Stead  found  the 

the  alloys  from  _ _ 

- d'£..ro»™Srmr..t,  .896,  Tome  I, 

5e  Serie.  Society  Cite’".  Industry,  March  and  June,  1897. 

t/»» .  vol  I  0898),  P-  179- 
Ueullos’°Pl"“’  Vo1'  ' 
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composition  to  be  12.7  to  12.8  per  cent  Sb,  which  gives  us  the 
exact  eutectic  point. 

When  these  alloys  are  cast  the  cubes  of  antimony  are  com¬ 
paratively  small  and  are  evenly  distributed  throughout  the  mass, 
thus  allowing  the  alloys  with  the  lower  percentages  of  antimony 
to  be  used  as  bearing  metals.  Fig.  24  shows  the  surface  of  an 
ingot  containing  75  per  cent  Sb,  25  per  cent  Pb.  The  cubic 
growth  of  crystals  of  antimony  resembles  closely  that  of  pure 
bismuth.  As  in  the  other  illustrations  of  surface  structures,  the 
eutectic  on  cooling  has  shrunk  and  the  antimony  crystals  stand 
out  in  relief.  Fig.  30  is  very  similar  to  the  appearance  of  the 
bright  layer  of  antimony  cubes  in  slowly  cooled  alloys  containing 
from  15  to  30  per  cent  of  antimony. 


Tin  and  Bismuth 

The  curve  consists  of  two  branches  meeting  at  1430  C.* 
(Rudberg).  The  eutectic  contains  about  46  per  cent  bismuth, 
54  per  cent  tin,  and  under  high  powers  has  a  peculiar  granular 
appearance.  From  tin  to  the  eutectic  we  find  grains  and  then 
dendrites  of  tin  crystallizing  out  in  the  eutectic.  The  alloys  are 
similar  in  appearance  to  Fig.  23. 

Above  4b  per  cent  Bi,  irregular  white  crystals  of  bismuth 
make  their  appearance.  In  this  case,  however,  their  density  is 
greater  than  that  of  the  eutectic,  and  consequently  they  form  and 
sink  to  the  bottom  when  the  alloy  is  slowly  cooled.  When  cast 
they  appear  regularly  throughout  the  mass.  The  cooling  curve, 
Fig-  34-  is  based  upon  Dr.  Gautier’s  figures  in  the  “  Fusibility 
of  Metallic  Alloys.” 


Zinc  and  Aluminium 


1  he  two  branches  which  compose  the  curve  meet  at  about 
5  per  cent  At.  The  eutectic  melts  at  380°  C„  some  39”  below 
zme,  accord, ng  to  Heycock  and  Neville.f  or  389”  C„  according 
to  Roland-Gosselin.  These  alloys  are  extremely  difficult  to  polish. 


* Powniorfs  An, wlen  dcr  fhyAi  ,md  a lemic,  XVIII,  a,o. 
nales  de  Clumie  et  Physique  [2],  XLVIII,  353  ^ 

t  Journal  Client.  Soc.,  1897.  p.  383. 
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They  are  best  etched  with  nitric  acid,  towards  the  zinc  end  of 
the  "series,  and  with  caustic  soda  at  the  aluminium  end.  The 
alloys  consist  of  an  excess  of  A1  or  of  zinc  in  a  eutectic  consisting 
of  laminae  of  the  two  metals.  Fig.  25  shows  the  alloy  4  per  cent 
Al,  96  per  cent  Zn.  Grains  of  zinc  appear  in  the  typical  eutectic. 


Cooling  Curves:  Antimony-Lead. 
Bismuth-Tin. 


Silver  and  Lead 


_  r„rve  consists  of  two  branches,  meeting  at  2.8  per  cent 
Ti  e  eutectic  point.  This  melts  at  303°  (Heycock  and  Ne- 
Ag,  tlie  .  the  eutectic  line  extends  from  almost  pure  lead  to 

viUe)’  *)\or  cent  Ag.  Between  o  and  2.8  per  cent  Ag  we  find 
about  9°  PC1 
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lead  crystallizing  out  first  as  rounded  grains,  then  as  dendrites 
in  an  increasing  groundmass  consisting  of  alternate  bright  and 
dark  laminae. 

Above  3  per  cent  of  Ag,  bright  white  cubes  make  their 
appearance,  together  with  well-formed  octahedrons.  These  are 
silver,  but  contain  some  lead  in  solid  solution.  As  the  silver  con¬ 
tents  are  increased,  these  octahedrons  increase,  tending  to  crys¬ 
tallize  out  along  definite  directions,  and  forming  in  this  way 


Silver-Lead. 

Aluminium-Zinc. 


large  skeleton  crystals  of  silver.  Fig.  t>6  shows  this  mode  of 
growth  in  an  alloy  containing  io  per  cent  Ag,  90  per  cent  Pb. 
The  skeleton  crystals  become  more  compact,  the  octahedrons 
forming  them  become  less  perfect,  and  there  is  a  great  amount 
of  interference  as  the  silver  is  increased.  At  50  per  cent  the 
silver  forms  a  dense  mesh  throughout  the  alloy.  This  increases 
th'fk™ss  a"d  the  eutectic  diminishes  till  at  96  per  cent  Ag 
the  whole  mass  appears  to  be  made  up  of  silver  grains  and  den- 
drnes.  These  alloys  are  best  etched  by  prolonged  action  of  acetic 


Temperature  —  Copper-Antimony. 
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Antimony  and  Copper 

T.  he  cun  e  of  fusibility,  as  determined  by  Le  Chatelier,  con¬ 
sists  of  three  branches,  which  cross  at  the  two  eutectic  points 
about  25  and  71  per  cent  Cu.  The  summit  of  the  middle  branch 


Copper-Antimony. 


at  about  60  per  cent  Cu.  According  to  Stansfield,  the 
°CCUIeutectic  points  occur  at  25  and  about  69  per  cent  Cu,  and 
the  summit  at  about  57  per  cent  Cu.  Fig.  36  shows  Dr.  Stans- 
f'ekVs  curve.  The  lower  branches  have  as  yet  not  been  accounted 
for-  but  quenching  the  alloys  involved,  after  complete  solidifi¬ 
cation,  but  above  the  lower  breaks,  revealed  new  structures  and 


Temperature  —  Nickel-Tin. 
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this  seems  to  point  to  a  rearrangement  in  the  solid  similar  to 
that  in  the  copper-tin  series. 

With  regard  to  the  microstructure  of  the  series,  Charpy  and 
Stead  differ  with  respect  to  the  alloys  near  the  intermediate  sum¬ 
mit.  Stead's  work  is  summarized  as  follows : 

ioo  to  75.8  per  cent  Sb.  —  Antimony  crystallizes  in  a  eutectic 
of  24.2  per  cent  Cu. 

75.8  to  48.5  per  cent  Sb.  —  SbCu2  crystallizes  in  the  eutectic, 
and  increases  with  the  copper,  till  at  51.5  per  cent  Cu  the  whole 
mass  is  SbCu2,  the  purple  compound. 

48.5  to  38.5  per  cent  Sb.  —  The  purple  compound  SbCu2 
crystallizes  imperfectly  in  what  appears  to  be  a  second  definite 
compound,  SbCu3,  which  is  white ;  the  purple  compound  decreases 
and  finally  disappears  when  the  Sb  reaches  38.5  per  cent,  the 
whole  mass  being  composed  of  a  compound,  white  in  fracture 
and  when  polished,  but  purple  on  etching  with  HC1. 

Sb  38.3  to  31  per  cent  Sb.  —  The  structures  of  the  alloys 
between  38.5  and  36  per  cent  Sb  are  similar  in  appearance ;  thin 
veins  envelop  the  grains,  and  from  these  veins  needle-like  pro¬ 
cesses  penetrate  into  the  grains  for  a  very  short  distance.  As 
the  antimony  is  decreased  below  36  to  31  per  cent,  microliths 
of  some  compound  appear  in  the  centre  of  the  grains,  and  the 
veins  enveloping  the  latter  increase  in  thickness  and  in  their 
copper  contents.  When  31  per  cent  Sb  is  present,  the  microliths 
are  present  in  increased  quantity,  and  a.t  this  point  it  would  appear 
that  we  have  the  second  eutectic  with  a  very  complicated  structure. 

31  to  o  per  cent  Sb.  —  As  the  copper  is  increased  above  69 
per  cent  it  at  first  falls  out  of  the  eutectic  in  detached  isolated 
globulites.  They  are  not  pure  copper,  but  contain  Sb  and  arrange 
themselves  in  definite  lines  and  angles.  As  the  copper  is  increased, 
they  form  dendritic  crystals.  The  microliths  are  absent  and  have 
probably  been  absorbed  by  the  yellow-colored  dendrites  at  the 
moment  of  solidification.  The  color  of  the  dendrites  passes  from 
yellow  to  red  as  the  Sb  is  further  reduced,  and  finally  the  last 
0.1  or  0-2  Per  cent  are  left  behind  at  the  borders  of,  but  not 
separated  from,  the  grains  of  copper,  where  it  probably  exists 
as  antimonide  of  copper  in  solid  solution.  (Stead:  Journal  Soc. 
Cheat.  Industry,  Dec.  31,  1898.) 

Charpy’s  conclusions  are  as  follows: 

In  the  case  of  alloys  containing  less  than  25  per  cent  copper, 
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pure  crystals  of  antimony  are  separated  when  solidification  be¬ 
gins,  increasing  gradually  in  size  as  the  temperature  decreases, 
the  portion  remaining  liquid,  therefore,  gradually  becomes  richer 
in  copper  until  the  composition  of  the  eutectic  alloy  is  reached ; 
it  then  solidifies  at  a  constant  temperature,  through  a  simul¬ 
taneous  crystallization  of  Sb  and  SbCu2.  In  the  case  of  alloys 
containing  from  25  per  cent  to  60  per  cent  Cu,  a  similar  phe¬ 
nomenon  occurs,  only  it  is  the  definite  compound  SbCu,  which 
separates  from  the  molten  mass  as  soon  as  the  freezing-point 
is  reached.  When  from  60  per  cent  to  7°  Per  cen^  o£  copper  is 
reached,  the  same  compound  is  separated,  but  is  in  this  case  sur¬ 
rounded  by  a  second  eutectic  alloy  made  up  of  copper  and  the 
compound  SbCu2.  Finally,  when  more  than  70  per  cent  of  copper 
is  present,  a  portion  of  the  latter  is  first  deposited  when  solidifi¬ 
cation  set  in,  until  the  portion  remaining  liquid  has  reached  the 
composition  of  the  second  eutectic  alloy  (The  Metallographist, 

Vol.  I,  p.  100). 

Tin  and  Nickel 


According  to  Charpy,  the  microstructure  and  the  curve  of 
fusibility  seem  to  show  that  they  have  a  constitution  very  similar 
to  that  of  the  copper-antimony  alloys.  The  eutectic  points  occur 
at  2  per  cent  and  70  per  cent  Ni,  whilst  the  summit  of  the  inter¬ 
mediate  curve  occurs  at  about  43  per  shown 

In  Fig.  36  the  curve  according  to  Gautier  is  shown. 


Aluminium  and  Antimony 

Gautier  points  out  that  the  curve  of  fusibility  of  these  alloys 
°  ,1  il  since  nearly  all  its  points  correspond  to  tempera- 

s  remarka  >  ,  those  of  the  fusion  of  the  two  metals.  He 

ures  hignei  indicates  the  formation  of  a  compound  SbAl, 

lays  that  the  ct  ^  slightly  lower  than  that  of  copper.  Dr. 
^vhose  £^slo^Pe  .s  shown  in  Fig.  12  of  his  paper. 

^  On  a  microsc°pic  examination  these  all°yS  fal1  int°  tW° 
groups  :  to  8l  -  per  cent  antimony,  in  which  increasing  amounts 

(I  ompound  SbAl  crystallize  out,  first  as  short  rod-like 
o£  th<^  Cthen  as  more  or  less  irregular  bars  and  plates  with  much 
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parallel  growth.  The  groundmass  is  aluminium  or  aluminium 
containing  some  SbAl  in  solid  solution.  The  groundmass  dis¬ 
appears  between  75  and  80  per  cent  Sb  and  the  alloy  appeal  s 
homogeneous. 

(2)  81.5  to  100  per  cent  antimony,  in  which  we  pass  from 
the  compound  through  a  series  of  alloys  composed  of  crystals 
of  SbAl  in  an  increasing  groundmass  till  we  reach  pure  antimony. 


Silver-Tin. 

Silver-Antimony. 
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Fig-  37- 


The  groundmass  could  not  be  resolved  into  two  components,  and 
probably  consists  of  antimony  containing  some  of  the  compound 
in  solid  solution. 

The  series  is  remarkable  in  many  ways;  for  when  the  anti¬ 
mony  reaches  about  60  per  cent  the  alloys  soon  become  rotten 
and  rapidly  disintegrate  into  a  fine  black  powder.  This  is  due  to 
oxidation,  according  to  Gautier;  for  if  the  alloy  be  weighed  before 
and  after  disintegration  it  will  be  found  to  have  gained  in  weight. 
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If  the  fresh  alloy  be  sealed  up  in  vacuo,  no  change  takes  place. 
Again,  when  the  antimony  in  the  alloy  is  between  50  and  80  per 
cent  a  great  expansion  takes  place  during  solidification  and  pait 
of  the  liquid  residue  is  squeezed  out  and  solidifies  as  a  button 
on  top  ot  the  alloy.  That  it  takes  place  during  the  solidification 
ot  the  crystals  of’SbAl  is  shown  by  the  fact  that  the  button  con¬ 
tains  a  targe  percentage  of  the  compound  as  well  formed  cn  stals. 
Lastly,  it  is  seen  that  the  curve  consists  of  a  rise  from  the 

aluminium  end  to  the  alloy  containing  33  Per  cen^  ,11S 

a  summit,  and  the  curve  falls  to  3 7  per  cent  Sb  after  which  1 
rises  again  to  81.5  per  cent  Sb.  The  reason  for  this  has  not  yet 
been  explained,  for  under  the  microscope  the  alloys  bet  wee  33 
and  40  per  cent  Sb  present  the  same  characteristics.  A  similar 
thing  occurs  in  the  alloys  of  tin  and  aluminium. 


Silver  and  Tin 

The  curve,  HUe  ^ 

branches,  the  one  curved  *  ^  ^  extends  {rom  almost 

cent  Ag.  The  eutectic  me  it  disappears.  According  to 

pure  tin  to  65  per  cen  ,  cent  Ag,  and  thus 

Charpy,  we  have  a  compound  Ag,bn  05  l 

the  snr  x? "  ;r — ho.  Ag  a„d 

s-  "'hkh  are  qui;e 

normal.  cent  Ag  we  find  the  excess  of  tin 

Between  o  at  3-5  P  ^  ^  eutectic.  Above  3-5  Per  cent 
crystallizing  oat  as  g  needles>  probably  of  the  compound 

Ag  we  find  long,  Tbe  number  and  size  of  these  hard, 

AgaSn  crysttlh °  ^  (he  total  silver  in  the,  alloy.  They 

bright  crystals  me  shapes>  finaUy  becoming  united  and 

assume  curious  aboUt  so  per  cent  they  occur  as  rounded 

forming  dendrites  eutectic  diminishes,  and  at  65  per 

grains  m  clo®f  ?°the  alloy  homogeneous.  This  alloy  may  either 
cent  compound  or  it  may  be  a  solid  solution  of  tin  in 

be  a  defmit  his  point  onwards  to  pure  silver  the  alloys  are 

SUVer'-ohous  with  silver.  Fig.  29  shows  an  alloy  of  the  first 

isoniot  puu 
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group  containing  15  per  cent  A g,  85  per  cent  Sn,  and  contains 
the  curiously  grouped  crystals  of  the  compound  set  in  the  eutectic. 
The  curve,  Fig.  37,  is  based  on  the  freezing-point  curve  of  Hev- 
cock  and  Neville. 


Antimony  and  Silver 


In  Fig.  37  we  having  the  cooling  curve  based  on  the  figures 
of  Heycock  and  Neville.  It  is  composed  of  two  branches :  the 
one  from  pure  antimony  to  55  per  cent  Ag,  the  eutectic  point, 
being  normal ;  the  other  from  silver,  having  a  decided  angle  at 
72  per  cent  Ag,  corresponding  to  the  formula  Ag3Sb.  The  eutectic 
melts  at  485°  C.,  whilst  the  72  per  cent  Ag  alloy  melts  at  561. 5 0  C. 

According  to  Charpy,  between  72  per  cent  Ag  and  o  per  cent 
Ag  we  have  excess  of  either  AgsSb  or  Sb  crystallizing  out  in 
the  eutectic,  in  the  same  manner  as  all  the  alloys  of  Group  I; 
between  Ag3Sb  and  pure  silver  we  have  a  series  of  isomorphous 
mixtures  of  the  definite  compound  with  silver.  It  mav  be,  how¬ 
ever,  that  here  we  are  dealing  with  a  case  similar  to  the  antimony 
end  of  SbSn  series,  and  that  we  have  dendrites  of  silver  crystal¬ 
lizing  out  in  the  compound  Ag3Sb.  This  point  will  be  settled 

when  a  complete  cooling  curve  has  been  taken  of  this  end  of 
the  series. 


Tin  and  Antimony 


Between  o  and  7.5  per  cent  of  antimonv  the  allnvc 


teen  being  still  occupied  by  a 
in  the  lower  percentage  alloys. 
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At  about  5 2  per  cent  Sb,  a  new  constituent,  probably  antimony, 
is  found  making  up  the  core  of  the  bars  or  plates,  but  there  still 
remain  traces  of  the  groundmass,  which  finally  disappears  at 
about  55  per  cent  Sb.  The  cores  of  the  bars  continue  to  increase 
and  develop  into  the  usual  crystals  of  antimony  and,  at  about  95 
per  cent  Sb,  become  continuous.  In  the  joints  between  them 
traces  of  a  matrix  are  seen,  which  finally  disappear  as  we  ap¬ 
proach  pure  antimony. 

Fig.  30  shows  a  vertical  section  through  the  centre  of  a  slowly 
cooled  alloy  containing  20  per  cent  Sb,  80  per  cent  Sn.  The  bright 
cubes  are  seen  set  in  the  softer  matrix.  Stead  found  that  the 
common  freezing  point  of  this  matrix  between  7-5  Per  cent. an 
50  per  cent  Sb  was  256°  C.,  which  is  remarkable  since  it  is 
higher  than  that  of  pure  tin  by  25°C.  On  analyzing  the  cu  es 
isolated  from  a  25  per  cent  Sb  alloy,  he  found  their  composition 
to  be  approximately  SbSn.  He  says  that  a  homogeneous  mass 
corresponding  to  SbSn  cannot  be  obtained  for  on  me  mg 
metals  in  that  proportion  the  resulting  alloy  con  .  ed  o  the 
peculiar  plates  and  the  dark  matrix;  that  the  up  to  30 

uer  cent  Sb  are  SbSn,  but  in  the  neighborhood  of  40  per  cent  bb 
^  1  nri  fUe  contents  of  antimony  increase, 

the  forms  begm  to ^change  a  iso]ated  frora  the  to  per  cent 

This  is  contrary  to  Bchre  ,  cent  Sb 

alloy  cubes  with  the  formula  SbSn  and 

alloy  a  residue  of  the  for™"la  -f  gravity  of  the  cubes  is  6.96, 
According  to  Stead  :1  P*  and  thus  they  float 

which  is  lighter  than  £  as  ^  antimony  in  the 

to  the  top  Of  the  slowly  cooled I  alloys^  ^  structure  of 

lead-antimony  alloys  S-  J  the  cubes  are  quite  distinct, 

the  cast  25  per  cen  ’  cent  $b  alloy>  showing  the  crystals 

In  Fig.  32  we  have  t  7  P  .g  probably  SbSn,  containing 

of  antimony  set  in  soultion.  Stead  puts  forward  the  alter- 

much  antimony  m  gbsn  niay  form  isomorphous  compounds 
nate  view  that  _  a"  .  the  antimony  reaches  a  certain  point 
with  each  other.  a.«daWseparate  ^ 

it  crystallizes  01  ,  phosphorus  and  of  tin  and  arsenic 

probably  <he  same  group  as  tin  and  antimony. 

*  The  Mttallographist,  Vol.  Ill,  P-  1X- 
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Tin  and  Phosphorus.  Tin  and  Arsenic  * 

When  phosphorus  is  added  to  tin,  a  hard  constituent,  con¬ 
sisting  of  brilliant  white  plate,  similar  to  graphite,  is  formed. 
Stead  has  studied  the  series  from  0.04  per  cent  to  5  per  cent 


Percentage  of  copper  in  alloy. 


phosphorus  The  structure  of  these  alloys  can  be  developed  by 
pol, slung  alone,  for  the  phosphide  formed  stands  on,  in  relief 
from  the  soft  matrix  of  tin  between.  On  etching  with  dilute  acid 
tins  gronndmass  of  tin  (probably  containing  some  phosphorus 

J°Vol  I  0898).  March-  The 
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in  solid  solution,  for  its  melting  point  is  40  C.  above  that  of  pure 
tin),  turns  black,  and  the  hard  white  crystals  of  phosphide  stand 
out  in  strong  contrast.  •  When  analyzed  the  bright  white  plates 
proved  to  have  the  composition  Sn3P2.  When  the  alloy  is  slowly 
cooled  the  phosphide  invariably  commences  to  grow  at  the  outer 
portion  of  the  alloy  and  travels  in  straight  lines  toward  the  centre. 
The  plates  have  a  decidedly  hexagonal  form.  Fig.  28  shows  an 
alloy  containing  2  per  cent  phosphorus ;  it  has  been  cast,  and  so 
the  phosphide  appears  as  comparatively  small  thin  plates  through¬ 
out  the  groundmass. 

When  arsenic  is  added  to  tin,  thick  rough  plates  are  formed, 
having  the  composition  Sn3As2.  1  he  groundmass  consists  of  tin, 
probably  containing  some  arsenic  in  solid  solution,  because,  as 
in  the  case  of  phosphor-tin,  the  melting  point  has  been  raised 
some  40  C.  Stead  was  able  to  introduce  as  much  as  43  per  cent 
As  into  tin.  Fig.  27  shows  a  slowly  cooled  alloy,  in  which  tie 
thick  rough  plates  of  arsenide  run  in  all  directions,  with  a  ten  - 
ency  towards  parallel  growth.  The  alloy  contains  20  per  cent  s. 


Copper  and  Tin 


.  ,  r  rnnner-tin  allovs  has  been  studied 

The  m.cro5tructure  of  the  coppery  ^  ^  ^ 

by  Behrens,  Charpy  Sk  ^  Hj  curve  of  £usibilitV; 

explanations  w  branches  forming  by  their  intersections 

winch  consists ‘ending  to  allovs  with  3  and  72  per  cent  of 
two  points  “  P  points  correspond  to  the  two  eutectic  alloys 
copper.  These  t  1  ^  q£  £he  compound  SnCu,  (61.7  per 

°£  iTuThal'been  proved,  for  at  this  point  we  find  discontinuities 
cent  Cu)  has  1  properties,  such  as  the  electromotive 

in  the  variatioi  •  \  .  tjie  electric  conductivity  (Mathies- 

force  of  dissohttton Hence  it  was  thought  that 
sen)  ;  the  SP  °of  two  simpie  sets  of  alloys,  viz.:  the  alloys 

the  series  co  ^  and  the  alloys  of  SnCu3  and  tin,  and  was 
of  copper  a"  Variation  to  the  alloys  of  copper  and  anti- 

sinular  m  strucu.ua 

mon>rphis  view  of  the  constitution  of  this  series  of  alloys  does 
explain  the  complete  freeezing-point  curve  published  in  the 
firth  report  of  the  Alloys  Research  Committee,  Institution  of 
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Mechanical  Engineers,  shown  in  Fig.  38.  It  was  not  until  recently 
that  an  explanation  of  the  branches  b ,  d  and  e  was  offered. 

0  to  1  per  cent  Copper.  —  When  1  per  cent  of  copper  is 
present  the  first  eutectic  alloy  is  obtained ;  that  is,  the  one  with 
the  lowest  freezing-point.  Between  pure  tin  on  the  one  hand  and 
this  alloy  containing  1  per  cent  Cu  on  the  other,  tin  is  found 
crystallizing,  first  in  grains,  then  in  dendrites  in  the  eutectic. 
The  cooling  curves  of  all  the  intermediate  alloys  show  two  breaks. 

1  to  8  per  cent  Copper.  —  When  the  percentage  of  copper  is 
increased  above  that  of  the  eutectic  alloy,  thin,  bright,  hollow 
crvstals  are  seen.  In  section  they  are  horseshoe-shaped,  and  at 
first  occur  isolated ;  then  they  tend  to  form  groups  which  appear 
in  section  as  three-  and  six-rayed  stars.  Their  composition  varies 
also,  increasing  in  copper  from  34  to  44  per  cent. 

8  to  40  per  cent  Copper.  —  A  third  constituent  is  seen  when' 
the  copper  exceeds  8  per  cent.  We  have  the  eutectic  or  ground- 
mass  enclosing  the  bright  porphyritic  crystals  characteristic  of 
the  1  to  8  per  cent  alloys,  but  these  bright  crystals  are  seen  in 
places  to  have  grown  on  and  around  a  different  kind  of  crystal. 
It  is  not  a  case  of  one  crystal  varying  in  composition  from  the 
centre  to  the  faces,  for  a  sharp  line  of  junction  can  be  seen  be¬ 
tween  the  two  constituents.  On  oxidation  this  new  constituent 
becomes  very  dark,  and  is  easily  distinguished  from  the  other  two 
constituents  of  the  alloy.  As  the  percentage  of  copper  is  increased, 
the  more  easily  oxidized  crystals  increase  in  number  and  size; 
whereas  the  bright  crystals  begin  to  decrease  together  with  the 
eutectic.  It  would,  therefore,  appear  that  in  alloys  containing 
more  than  8  per  cent  of  copper,  the  first  constituent  to  crystal¬ 
lize  out  is  the  central,  easily  oxidized  crystals.  This  causes  the 
first  rest  in  the  cooling  curve  d  e.  Then  the  bright  crystals 
solidify,  causing  the  second  halt  on  the  horizontal  branch  e  e. 
Lastly  the  eutectic  solidifies  and  the  third  halt  is  reached  on  branch 
f'  f.  As  branch  e'  e  is  horizontal,  it  would  seem  that  the  bright 
crystals  have  a  definite  composition  when  above  8  per  cent  Cu 
is  present  in  the  alloy,  but  when  branch  e  e  joins  the  outer  curve 
at  c  and  falls  to  f,  these  crystals  no  longer  have  a  definite  com¬ 
position,  but  their  percentage  of  copper  falls  with  the  tempera¬ 
ture  of  solidification  from  Sn2Cu3  to  SnCu. 

1  he  upper  curve  in  Fig.  38  shows  the  relation  between  the 
percentage  of  copper  in  the  alloy  to  the  percentage  of  copper  in 
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the  crystals  which  have  been  isolated.  A  break  occurs  at  8  per 
cent  copper,  at  the  introduction  of  the  third  constituent  to  the 
alloys.  These  results  agree  very  closely  with  those  of  Stead.* 
As  the  copper  approaches  40  per  cent,  the  central  plate-like 
crystals  are  grouped  together  in  parallel  bunches,  until  at  40 
per  cent  Cu  they  are  very  thick  and  cover  more  than  half  the 
field.  In  the  eutectic  between  them  the  small,  bright,  hollow  crys¬ 
tals  are  seen. 


41  to  61.7  per  cent  Copper.—  The  difference  between  the 
alloy  containing  40  per  cent  and  that  containing  41  per  cent  Cu 
is  verv  marked.  The  crystals  in  the  latter  are  small  and  lath¬ 
shaped,  arranged  more  or  less  in  groups  and  are  separated  from 
each  other  by  eutectic.  They  are  composite  as  before,  but  the 
white  constituent  surrounds  the  dark  as  an  envelope  of  uniform 
thickness,  not  as  a  rough  incrustation.  No  single  prismatic  crys¬ 
tals  of  the  white  constituent  have  been  seen  in  the  eutectic.  With 
each  addition  of  copper  the  groups  of  crystals  become  more  and 
more  compact  and  the  amount  of  eutectic  diminishes  until  at  56 
per  cent  Cu  it  disappears  altogether*  Therefore  branch  ff  of 

cooling  curve  ends  at  56  per  cent. 

The  bright  constituent  of  the  crystals  grows  smaller  and 

smaller  •  at  s6  per  cent  Cu  it  takes  the  place  of  the  eutectic  and 
forms  the  groundmass,  whilst  at  about  6:  per  cent  Cu  ,t  dts- 
appears  an!  we  have  a  homogeneous  mass  of  SnCu,.  Hence 

branch  e  e  ends  at  60  per  cent  at  e . 

Seeing  that  these  alloys  up  to  56  t*  cent  Cu  show  tour 
1  1  1  their  cooling  curves,  one  would  naturally  expect  to 

fnnr  different  constituents  in  each.  Only  three,  however, 
fmd  fou^  u.shed  Quenching  below  the  first  and  second 
can  be  d  &difference  in  structure  only.  As  in  the  alloys  con- 
breaks  gives  Cu  and  onwards>  branch  d  of  the  freezing- 

taming  hi -7  1corresponds  to  a  rearrangement  in  the  solid,  and 
pomt  c^Jference  between  the  40  per  cent  alloy  and  those  of  a 
aS  the  -o  per  contents  is  one  of  structure  only,  we  may  assume 
that  Thesecond  retardation  in  the  cooling  curve  dd'  is  one  of 

o  rran^einent  also. 

61  7  to  68.2  per  cent  Copper.  SnCu 8  to  SnCu4.—  The  changes 
which  take  place  between  these  two  points  can  only  be  observed 


*  Loc.  cit. 
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when  the  alloys  are  very  slowly  cooled.  The  alloys  set  as  a 
whole  at  the  first  break  on  c  d,  and  tend  to  rearrange  themselves 
subsequently  in  the  solid.  Near  SnCu,  we  see  the  dark  grains 
of  this  compound  surrounded  by  an  envelope  of  a  bright  material, 
probably  SnCu4,  whose  formation  is  indicated  by  dr  in  the  cooling 
curves.  Each  addition  of  copper  brings  in  more  and  more  of 
the  bright  constituent.  Above  65  per  cent  Cu  we  find,  in  places, 
a  structure  like  that  of  a  eutectic  which  accounts  for  the  hori¬ 
zontal  branch  d2  of  the  curve.  At  68.2  per  cent  Cu  we  have  a 
homogeneous  alloy,  very  brittle,  taking  a  beautiful  polish,  and 
this  very  probably  is  a  definite  compound,  SnCu4.  When  the 
alloys  of  this  group  are  quenched  at  definite  temperatures,  very 
many  curious  and  beautiful  structures  are  met  with.  For  example, 
if  the  66  per  cent  Cu  alloy  be  quenched  below  the  first  break,  say 
at  720  0  C.,  then  a  clear  cell-like  structure  is  seen.  If  it  is 
quenched  between  the  first  and  second  break,  say  at  650°  C., 
then  the  structure  consists  of  a  network  of  parallel  straight  lines, 
alternately  light  and  dark.  Each  large  area  has  two  or  more  sets 
of  lines,  which  are  differently  orientated  for  different  areas.  It 
may  be  called  the  “  Schiller  ”  structure  of  these  alloys.  If  the 
alloy  be  quenched  below  the  second  break,  but  above  d2,  say  at 
600  C.,  the  structure  is  almost  the  same  as  that  met  with  in  the 
slowly  cooled  alloy,  except  that  no  sign  of  any  eutectic  can  be 
seen.  If  the  68.2  per  cent  alloy  be  quenched  just  after  the  first 
break,  its  sti  ucture  is  that  of  dark  rounded  grains  passing  imper¬ 
ceptibly  into  a  light-colored  groundmass,  clearly  showing  that 
the  alloy  is  in  a  metamorphic  state.  Thus  it  seems  quite  certain 
that  in  this  group  the  alloys  rearrange  themselves  in  the  solid. 

68.2  to  75  per  cent  Copper.  In  this  group  we  pass  from  the 
homogeneous  SnCu4,  consisting  of  irregular  and  elongated  grains, 
to  the  so-called  second  eutectic  at  74  to  75  per  cent  Cu.  Between 
these  two  alloys  we  find  the  compound  SnCu4  crystallizing  in 
the  eutectic.  Near  68.2  per  cent  Cu  the  alloys  are 'composed  of 
polygonal  grains,  with  the  boundaries  of  bright  SnCu4.  Their 
central  parts  are  composed  of  dendrites  and  rosettes  of  SnCu4 
set  in  the  eutectic.  Near  74  per  cent  Cu  the  alloys  are  com¬ 
posed  of  attenuated  rosettes  and  grains  of  SnCu4  set  in  a  com¬ 
paratively  large  amount  of  eutectic.  Thus  the  upper  part  of 
branch  d,  between  d2  and  ds,  marks  the  point  at  which  these 
alloys  rearranged  themselves  into  grains  isomorphous  with  SnCu4, 
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whilst  the  horizontal  branch  ds  marks  the  formation  of  the  eutectic, 
both  changes  having  taken  place  in  the  solid.  At  c  there  occurs 
a  small  horizontal  branch,  the  meaning  of  which  is  not  quite 
certain.  A  microsection  of  an  alloy  quenched  between  this  and 
the  outer  curve  shows  dark  rounded  grains  set  in  a  light  ground- 
mass.  Heycock  and  Neville  say  that  the  outer  curve  b  c  indicates 
the  formation  of  skeletons  rich  in  copper;  but  when  the  alloys 
are  quenched  below  the  horizontal  branch  c,  then  we  have  uniform 
solid  solutions.  It  is  to  be  noted  that  on  the  surfaces  of  alloys 
containing  70  per  cent  or  more  copper,  a  network  of  dendrites 
or  skeleton  crystals  resembling  those  on  the  surface  of  a  pure 
metal  is  to  be  seen.  It  was  soon  noticed  that  the  internal  struc¬ 
ture  of  the  alloys  from  7°  to  75  Per  cer,t  Cu  showed  no  trace  of 

these  dendrites,  and  so  the  surfaces  of  several  were  rubbed  down, 
polished  and  etched  so  as  to  lay  bare  their  internal  structure.  In 
each  case  it  was  the  same  as  that  of  the  centre  of  the  allo\,  which 
shows  that  these  dendrites  have  split  up  and  rearranged  them¬ 
selves  after  solidification,  and  all  that  remains  of  them  is  this 

surface  structure.  x  „ 

,  .  rnbhrr  _ Above  7=;  per  cent  Cu  two  new 

7K  to  100  per  cent  topper.  *^uvc  /a  t 

■  1  ,1  •  onnwrance  and  the  alloy  assumes  a  yellow 

constituents  make  their  appearance  aim  1  '  „ 

.  ;tc  hrittleness.  In  section  we  find  yellow 

tmt  and  begms  to  : lose  its ^brd  to*  border,  set  in  the  second 

grains  surrounded  bv  b  g  aUo  occur  Now  this  eu- 

eutectic,  in  which  small  w  ^  g  ^  dlaracter  than  the  74 

tectic  at  76  Pe,  “n  account  for  the  fact  that  the  eutectic 

per  cent  alloy,  and  this  may  ^  from  ;4  t0  7J  per  cent  Cu. 

break  rises  some  3  increased  the  yellow  grains  increase, 

As  the  total  coi  p  Qn  crvstaiS)  the  white  borders  and 

forming  dendrites  an^  ^  the  eutectic  decreases  till  at  about 
grains  merge  t0^e(lisappears.  The  yellow  grains  of  copper  be- 
90  per  cent  U  (contain  less  and  less  tin  in  solid  so- 

come  darker  am  copper  color.  The  light  borders  diminish 

lution)  till  they.rout  per  cent,  leaving  copper  dendrites  alone, 
and  disappear  a  1  ^  composition  from  centre  to  outside,  and 
These  dendrites  ^  ^  (jar|-er  color.  These  dendrites  darken  with 
so  the  centre  e*c^  till  about  100  per  cent  is  reached,  when 
the  increase  °hara^eristic  structure  and  color  of  pure  copper. 
wre  have  the  c  alIoys  at  different  temperatures  proves  that 

QUeOC inland  dendrites  begin  to  crystallize  out  as  soon  as 
copper  grams  * 
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an  alloy  has  reached  the  temperature  of  the  outer  curve  a  b; 
that  these  continue  to  grow  till  the  temperature  falls  to  b'  b, 
when  the  whole  mass  becomes  solid ;  at  this  point  we  have  crys¬ 
tals  of  copper  in  a  homogeneous  groundmass.  Above  the  curve 
a  b  the  alloy  is  liquid,  below  b'  b  the  alloy  is  solid,  whilst  between 
a  b  and  b'  b  we  have  a  mixture  of  solid  and  liquid.  The  com¬ 
position  of  the  copper  dendrites  crystallizing  out  of  any  particular 
alloy  would  be  given  by  the  composition  line  a  b'. 

Below  b'  b  the  groundmass  consists  of  a  solid  solution  much 
richer  in  tin  than  the  grains  of  copper  in  it.  It  is  probable  that 
these  grains  of  copper  continue  to  grow  in  the  solid  until  at 
about  500  C  the  groundmass  has  arrived  at  the  composition 
75  Per  cent  Cu,  when  it  splits  up  into  a  eutectic  composed  of  laminae 
of  SnCu4  and  Cu,  containing  a  considerable  amount  of  Sn  in 
solid  solution.  This  change  in  the  solid  is  marked  by  branch  dv 
The  meaning  of  branch  d5  is  obscure.  It  may  indicate  the 

ormation  of  the  bright  white  grains  seen  in  the  76  and  77  per 
cent  alloys. 

In  their  recent  papers  before  the  Royal  Societv  of  London 
and  elsewhere,  Heycock  and  Neville*  have  clearly  proved  that 
^reat  c  langes  which  take  place  when  a  bronze  reaches  the 

7  <1  ie  CTe  *  *  •  •  •  entirely  in  the  solid, 

or  iheii  t  mn  th!S  by  determining  the  various  substances 

slowlv  rnol'n  ICTiC^1St  *n .  ^  var*ous  alloys,  either  chilled  or 
bv  the  add V  modl^lcatdon  °*  the  cooling-curve  diagram 

the  Tition  of  the  of 

diapram  crr^  f  •  1  .  '  anc*  1  leir  explanation  of  this  new 

met  with  In  th  ean”^  up  manY  of  the  numerous  difficulties 
met  with  m  the  alloys  of  copper  and  tin. 
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A  NEW  FORM  OF  RECORDING  APPARATUS  FOR  A 
ROBERTS-AUSTIN  ELECTRICAL  PYROMETER 

By  ERNEST  A.  LEWIS 

'T'HE  usual  form  of  recording  apparatus  for  this  pyrometer, 
which  is  used  in  works  for  taking  continuous  records  of 
furnace  temperatures,  is  of  no  use  for  taking  cooling  curves  of 
small  quantities  of  metals.  It  consists  of  a  drum  worked  by 
internal  clockwork  carrying  a  sheet  of  bromide  paper,  which 
turns  round  once  in  6,  12,  or  24  hours. 

The  author  has  designed  the  following  additional  apparatus 
to  the  pyrometer  in  the  laboratory  of  Muntz  s  Metal  Co.,  Ltd., 
so  that  the  same  pyrometer  can  be  used  to  take  furnace  tem¬ 
peratures  and  also  cooling  curves  of  small  weights  of  molten 

metals  solidifying  in  a  crucible. 

An  additional  shutter  was  made  to  the  dark  box  contain- 
ing  the  recorder.  In  place  of  the  drum  for  taking  furnace 
temperatures,  a  smaller  drum,  C,  was  made  of  thin  brass,  and 
screwed  on  to  a  piece  of  wood  which  was  made  to  slide  into 
the  groove  in  the  bottom  of  the  dark  box.  The  spindle  of  the 
drum  C  was  filed  square  for  five  eighths  of  an  inch  of  its 
length  at  one  end,  so  that  the  spindle  of  the  pulley  B  which 
has  a  square  hole,  made  in  it  at  its  larger  end,  would  fit  into 

U  “  A  rounfholTwas  made  in  the  shutter  exactly  opposite  the 
•  n  ,.f  the  drum  of  such  a  size  that  the  spindle  of  B  will 
spindle  0  round  easily,  without  letting  in  any 

iUtg0Ove7 the  grooved  pulley  B  runs  a  cord  which  passes 
light.  Che  *  screwed  into  the  ceiling;  one  end  of 

over  two  sn >  P  tQ  a  float  d,  which  slides  easily  inside  the 
the  cord  is  ^  other  end  of  the  cord  is  attached  a  leaden 

cylinder  A,  linder  A  in  the  author’s  apparatus  is  made 

weight  L.  'on  the  Gne  side  is  a  supply  pipe  F,  which  is 

of  a  copper  the’  Under  A  at  the  bottom;  this  serves  to  run 
screwed  m  ^  The  tap  E  is  connected  to  a  waste  pipe, 
water  into  -  ^  app&ratus  for  taking  a  cooling  curve  a  whole- 

10  t-a  rapid  film  is  put  on  the  drum  C,  and  fastened  with 
plate  ex^.jar  ltQ  the  clip  on  the  furnace  record  drum.  The  drum 
cllp  slid  into  the  groove  at  the  bottom  of  the  dark  box,  and 

L  1 1C1  A 


a 

is 
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the  shutter  put  in.  The  pulley  B  is  put  through  the  hole  in  the 
shutter  into  the  squared  end  of  the  spindle  of  the  drum.  The 
drum  is  turned  round  until  the  end  of  the  film  is  judged  to  be 
nearly  opposite  the  slit  in  the  pyrometer  case.  A  little  practice 
enables  this  to  be  easily  done  as  the  weight  of  the  clip  of  the 
drum  always  causes  the  clip  to  be  at  the  bottom,  when  the  drum 
is  put  in.  The  cylinder  A  is  filled  with  water  and  the  float  D 


put  in,  the  cord  is  then  put  round  the  pulley  B  and  over  the  two 
small  pulleys  in  the  ceiling  as-  shown  in  the  diagram.  The 
pulleys  and  bearings  of  the  drum  must  be  well  oiled,  also  the 
hole  in  the  shutter  through  which  the  pulley  B  spindle  passes 
must  be  oiled,  so  as  to  avoid  friction. 

The  door  at  the  end  of  the  pyrometer  is  opened  to  obtain  a 
datum  line,  and  the  gas  jet  of  the  pyrometer  is  lighted;  when  the 
thermo- junction  is  put  into  the  molten  metal  the  tap  E  is  opened, 
and  the  float  descends  and  turns  the  drum  with  its  film  round. 
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The  speed  at  which  it  turns  is  regulated  by  the  rate  of  outflow 
of  the  water.  It  can  be  made  to  turn  round  once  in  from  five 
minutes  to  one  hour.  The  weight  of  the  pulley  B  causes  the 
drum  to  turn  round  absolutely  steady.  In  order  to  test  the  sen¬ 
sitiveness  of  the  recorder,  the  author  made  an  alloy  of  copper 
co  per  cent,  tin  50  per  cent,  which  is  known  to  have  four  freez- 
ing  points  at  680“  C„  635°  C.  4W  C,  and  225°  C.  Each  of 
these  breaks  in  the  cooling  curve  were  distinctly  marked  on 

the  The  following  are  the  principal  dimensions  of  the  recorder: 
Cylinder  A  2  ft.  8  ins.  high  X  8/2  ms.  internal  diameter. 
Float  D,  8*4  ins.  diameter  X  2*4  ms.  tmck 
lead  to  4  lbs. 

Balance  weight  L, ,  2 A  ^s*  y  in>  thick,  groove  X  in- 
Pulley  B,  7  ms.  diameter  a  /4 

on  edge.  ,  ,/  in.  diameter  at  large  end, 

Spindle  of  B,  3  >ns.  long  +  /.« 

/4  in.  diameter  small  emh  diamete. 

Drum,  9/4  ms.  long  X  /  y  jn>  diameter. 

Spindle  of  drum,  1154  J  tQ  give  cooiing  curves 

The  author  has  found  ining  the  correct  temperature 

which  are  of  great  value  i  The  recorder  is  simple  in 

at  which  metals  must  be  /  The  pyrometer  should  be 

construction,  and  is  “/which  is  covered  with  two  thick- 

kept  in  a  room,  the  wind-  of  w  ^  ^  ^  to  be  put  m  and 

nesses  of  ruby  fab/’  *ter  room. 
developed  in  the  pyromete 
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NOTES 


.  Tin  __  The  reports  of  the  Alloys  Re- 

Alloys  ISSfA* oi 

MO  thTwe/l  'ha" 
materials  ifXTthe  form  of  the  paper  recently 

the  appends, 
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presented  before  the  Institution  by  Mr.  \\  illiam  Campbell  upon 
the  alloys  of  copper  and  tin. 

These  researches  were  undertaken  in  order  to  investigate 
more  fully  the  freezing-point  curve  of  the  copper-tin  alloys  as 
published  in  the  fourth  report  of  the  Alloys  Research  Committee, 
and  to  note  the  change  of  structure  due  to  casting. 

Without  going  too  deeply  into  the  technical  side  of  this  im¬ 
portant  subject,  the  general  character  of  the  investigations  may 
be  here  discussed,  and  the  methods  of  work  described,  together 
with  some  examination  of  the  practical  importance  of  the  results 
to  the  engineer  and  constructor,  while  the  metallurgist  and 
physicist  may  well  study  the  original  paper  as  an  example  of 
painstaking  scientific  work. 

The  original  curve  of  fusibility  of  the  copper-tin  alloys  was 
determined  by  Le  Chatelier,  and  was  shown  to  consist  of  three 
branches,  changes  in  direction  taking  place  at  3  per  cent  and  at 
75  per  cent  of  copper.  The  later  investigations  of  Sir  William 
Roberts-Austen  have  added  other  points  to  the  curve  which 
evidently  indicate  changes  in  molecular  condition,  atid  it  was 
to  investigate  the  nature  and  constitution  of  the  alloys  at  these 
points  that  the  investigations  of  Mr.  Campbell  were  undertaken. 

By  polishing  and  etching  various  specimens,  their  physical 
constitution  may  be  studied  under  the  microscope,  and  the  ob¬ 
ject  of  Mr.  Campbell  s  researches  was  to  prepare  the  various 
alloys  which  showed  peculiarities  in  the  cooling  curve,  and  to 
examine  them  by  the  methods  of  metallography  to  discover,  if 
possible,  the  causes  of  the  peculiarities,  or  at  least  the  structural 
conditions  which  accompanied  them. 

1  he  apparatus  used  in  the  researches  is  fully  described  in 
the  paper,  and  consisted  of  a  pyrometer  of  the  Le  Chatelier  tvpe, 
the  galvanometer  reflecting  a  spot  of  light  upon  a  scale  which 
could  be  watched  as  the  cooling  took  place,  and  the  operation 
interrupted  at  any  desired  temperature.  The  method  of  opera¬ 
tion  consisted  in  the  very  careful  preparation  of  the  various 
a  lovs,  their  fusion  in  a  double  crucible,  a  smaller  one  being- 
placed  inside  of  a  larger  and  the  space  between  being  filled 
with  asbestos,  so  as  to  insure  slow  cooling.  In  this  way  the 
average  time  of  the  fall  in  temperature  from  i,8oo°  to  900°  F. 
was  about  half  an  hour.  When  the  melted  allov  was  removed 
from  the  fire,  together  with  the  outer  crucible  and  lid,  the 
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thermo-couple  of  the  pyrometer  was  pushed  through  a  hole  in 
the  lid,  into  the  molten  metal.  When  the  spot  of  light  reflected 
from  the  pyrometer  showed  on  the  scale  the  desired  temperature, 
the  wires  of  the  thermo-couple  were  withdrawn  quickly,  and  the 
inner  crucible  and  its  contents  plunged  into  cold  water. 

By  this  method  a  great  number  of  specimens  of  varying 
content  of  copper  and  tin  were  obtained,  each  having  been  slowh 
cooled  to  a  determined  temperature,  and  then  suddenly  chilled, 
so  as  to  secure  the  structure  at  that  point,  and  these  specimens 
were  then  polished  and  etched  and  examined  under  the  micro¬ 
scope.  A  large  number  of  engravings  from  micro-photographs 
of  the  various  alloys  accompany  Mr.  Campbe  s 
these,  with  his  comments,  enable  the  researches  to  be  m  e1  h  e m 
followed.  While  the  study  of  these  must  be  left  tor  the  swden 
'  who  desires  to  follow  the  work  in  detail,  some  of  the  genera 

conclusions  may  here  be  given.  important  structural 

There  appears  to  be  no doubtj ^  P  ^ 

changes  take  place  in  so  1  <  microscopical  examination 

and  while  it  may  be  necessary  for  ^  before  the 

to  be  supplemented  by  t<jns,®ad  ,  engineer  and  constructor, 
results  become  fully  apphcable  to  the 

vet  much  of  practica  va  ue  Mr.  Milton,  of  Lloyds, 

In  the  course  of  the  d.scu  ^  curves  of  the  various 

called  attention  to  the  va  ue  ^  ^  nletals  employed.  The 

alloys  as  revealing  t  ®  en  indicate  that  in  the  case  °  P* 
researches  of  Roberts-^ **»  [n  the  curves  are  perfectly 

metals  the  breaks  "'hl  metats  they  are  curved,  or  preset! 

horizontal,  while  v  is  that  at  the  temperature  at 

rounded  corners.  The  -  P  ah)  number  ot  molecules 

,  .  i  tiie  break  occurs  <•  become  solidified,  and  when 

of  increasu  &  _ Tt  is  frequently  inferred 

Importance  °f  Heat  T^  ^  primarily  upon  its  chemical 

compOS1ose  related  to  its  composition,  are  easily 


than 
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in  the  majority  of  cases  satisfactorily  fulfilled  by  the  manu¬ 
facturers.  Long  ago,  however,  the  experiments  of  Brinell  and 
Tschernoff,  and,  more  recently,  those  of  Sauveur  and  Howe, 
have  shown  the  great  importance  of  heat  treatment.  Outside 
of  large  iron  and  steel  works,  nevertheless,  these  new  laws  are 
but  little  known.  The  consumers  remain  ill  informed  on  this 
subject,  and  do  not  always  require  from  the  steel  works  what 
the  latter  are  now  able  to  give  them  without  much  extra  effort, 
provided  they  are  asked  with  some  insistance.  More  frequently 
still,  consumers  spoil,  through  defective  treatment,  metals  of 
good  quality  supplied  to  them  by  the  makers. 

The  experiments  conducted  during  the  last  few  years  to 
ascertain  the  brittleness  of  metals,  bv  breaking  nicked  "bars  of 
these  metals  under  a  falling  weight,  have  proved  an  important 
source  of  information  to  the  consumer.  These  tests  reveal  that 
some  steel  bars,  having  an  excellent  composition,  break  so  readily 
under  shock  as  to  indicate  a  discouraging  degree  of  brittleness, 
while  when  subjected  to  a  tensile  test  the  results  are  very  satis- 
actor,.  The  failure  of  steel  implements  when  in  service,  and 

to  someeTam|  n°  r  e"  Unaccol,nted  for>  bd"g  generally  attributed 
to  some  local  defects  are  a  direct  result  of  this  brittleness.  It 

is  indeed  surprising  that  such  accidents  are  not  more  frequent 

and  in  view  of  these  facts  it  is  of  much  importance  to  make 

known,  as  far  as  possible,  the  knowledge  which  we  have  of  the 

S2&5?  'reatment  °f  U  C hotelier,  B°l  , 

Societe  d  Encouragement,  July,  1902. 

The  use  of  the  microscope  for  the  purpose  of  ascertaining 
the  proper  heats  for  hardening  onri  ,  ascertaining 

to  educate  the  stppl  „c  •  g  C  annealing  has  done  much 

to  educate  the  steel  user  in  proper  treatment.  To-dav  there  are 

practical  men  in  almost  everv  lame  there  are 

are  made,  who  can  offer  a  Wicaf  fabhshment  where  to°ls 

hardens.  —  Extract  from  ^  38  *°  "'h-V  Sted 

E  L  French  i  ■  °Pment  of  Tool  Steels,  by 

•  -l.  i  rcncn,  American  Association  fnr  th »  '  i 

Science,  Pittsburg  Meeting .  July,  19J  Advancement  of 

Metallography  at  the  Royal  Societv  Pr™  • 

lurgists  must  have  noticed  with  pleas  re^hT  Pr°greSS1Ve,  ^ 
number  of  exhibits  at  the  recent  , comparatively  large 

dealing  with  the  science  and  art  of  the  nV  ^ 

the  rnicro-structure  of  metals. 
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The  art  of  metallography  was  represented  by  a  neat  tilting  stage, 
by  the  motions  of  which  the  surfaces  of  objects  under  micro¬ 
scopic  observation  can  be  adjusted  at  right  angles  to  the  optic 
axis,  besides  being  moved  about  in  the  ordinary  way,  and  a 
compact,  yet  fully  equipped,  optical  bench  for  metallurgical  work 
—  both  exhibited  by  Professor  W.  K.  Huntington.  Under  the 
former  heading  came  Mr.  T.  Andrews’  photomicrographs,  show¬ 
ing  the  crystalline  structure  of  platinum  and  of  large  steel  ingots ; 
and  Mr.  J.  E.  Stead’s  beautiful  exhibit  of  specimens  of  phos- 
phoretic  iron,  whose  constituents  were  brought  into  relief  by 
means  of  the  method  of  heat-tinted  oxidation  films  which  in 
Mr.  Stead’s  hands  has  lately  yielded  such  valuable  results  (see 
Electro-Chemist  and  Metallurgist,  March  1902,  p.  4 7>*  Interest, 
however  chiefly  centred  about  Mr.  George  Beilby’s  remarkable 
exhibit  of  a  hitherto  unobserved  film  structure  winch  is  to  be 
seen  on  the  surfaces  of  polished  metals  and  other  plastic  solids 

_ such  as  graphite  and  lead  sulphide  -  when  they  are  viewed 

under  the  microscope  by  powerful  oblique  illununat.on  at  inagm- 
r  .  ,f  from  too  to  1.000  diameters.  This  covering  film, 
fications  o  5  colour  of  the  metal  (for  example, 

which  Shows  the  Char  ^  .g  evidently  formed  by  the  weld- 
in  the  case  ot  stee  reflecting  surfaces,  if  one  may  judge 

ing  together  o  nu  ce  These  spicules  are  specially  well 

from  its  spicular  app  been  frosted  by  the  action  of  heat 

seen  in  surfaces  v  ig  remarkable  that  they  should  be 

and  chemical  reagents  surface.  —  The  Electro-Chemist 

discernible  even  on  the  poi 
and  Metallurgist,  May,  9 

.  .  Pnurt. _ An  important  law  suit,  Jackson 

Metallography  in  trjed  at  the  court  of  King’s  Bench, 

vs.  Mumford,  has  just  of  the  fracture  of  a  connecting 

London,  respecting  tne  ^  g  Buttfinch,  about  three  years 

rod  during  the  trials  o  ^  The  case  largely  depended 

aeo  whereby  eight  m  Professor  Arnold  gave  expert 

of  the  *est  ctre  for  the  plaintiffs,  while  Mr  Stead 

evidence  on  the  Wf  understand  that  the  judgment 

appeared  for  the 
was  reversed. 

-  to  Metallography.  -  The  Pennsylvania  Rad- 
Recent  convey  to  »  complete  metallograph.c  outfit 

road  Co.  have  ."Stall 
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in  their  laboratory  at  Altoona,  Pa.  The  Polytechnic  Institute  of 
St.  Petersburg  and  the  School  of  Mines  at  Ekaterisnoslav,  Russia, 
have  also  added  to  their  equipment  the  necessary  apparatus  for 
metallographic  work. 

Recent  Publications.  —  Metallography,  by  Arthur  H.  Hiorns. 
Macmillan  &  Co.  There  are  probably  few  students  of  metal¬ 
lography  who  have  not  wished  for  the  publication  of  a  treatise 
on  the  subject,  and  we  believe  that  most  of  our  readers  will  be 
interested  to  hear  that  such  a  book  has  just  appeared.  We  fear, 
however,  that  after  a  perusal  of  the  book  they  will  be  somewhat 
disappointed,  for  it  contains  unmistakable  evidence  of  having  been 
hastily  written,  and  of  only  an  imperfect  and  fragmentary  knowl¬ 
edge  of  the  subject  on  the  part  of  its  author.  The  treatment  is 
decidedly  loose  and  unscientific,  and  many  of  the  photomicro¬ 
graphs  reproduced  are  of  an  inferior  character. 
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